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Abstract 

 Total joint replacements (TJR’s) are used to replace deteriorating hip joints, knees, 

shoulders, wrists and fingers for millions of people in modern day medicine. They are treatments 

used for patients with severe cases of arthritis or rheumatism which are mostly common in old-

aged people.  There was a reported 1.2 million total joint replacement surgeries, primary and 

revised, across the United States between the years 2012 and 2017. Recent research has pointed 

out the primary concern with TJR’s is the loosening of the prosthetic which further causes 

destruction of the bone tissue following wear corrosion and failure of the implant. In addition, 

there were a total of 350 000 total hip replacement surgeries in the U.S between the years 2012 

and 2017. The most common type of hip replacements are metal on metal hip replacements. 

They are preferred because of the less total loss of material being removed from the ball and 

socket during articulation, low chance of dislocation and reduced chance of fracture. The most 

common types of metals used in Metal on Metal hip replacements are Cobalt Chromate alloys 

and Titanium alloys.  

 Cobalt Chromate alloys were studied by Haynes in 1900’s who showed that the basic 

binary Cobalt Chromate alloy exhibited high strength and low chemical reactivity. Generally, 

these alloys have high-wear resistance, high strength and modulus of elasticity and high 

corrosion resistance which makes them useful for orthopedic implants. Titanium on the other 

hand is useful for orthopedic implants because of its inertness in a biochemical environment with 

mechanical strengths.  

 In this thesis, modular Cobalt Chromate (Co-Cr-Mo) and Titanium (Ti6Al4V) alloys 

were subjected to continuous fatigue contact in a corrosive biochemical environment. The 

change in the passive layers of these alloys were observed by electrochemical characterizations 

during small displacement mechanical loading in different pH environments. Namely, Phosphate 

Buffer Solution (PBS) with a pH of 7.4, Sodium lactate solution which pH of 4 and 2. To further 

understand chemo-mechanical synergism, and damage recovery behaviors of two different 

oxides, a Nano-scratch based experiment was carried out in a tribochemical cell. Cyclic 

reciprocating motions with an alumina sphere was applied with controlled normal load in the 

solutions. The open circuit potential and potentiostatic polarization were used to measure the 
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polarization resistance and potential. Changes of electrochemical responses were monitored 

using the Gamry Potentiometer to quantitatively compare alterations of wear track area, 

roughness, and oxide thickness on both implant materials during mechanical wear. After 

thorough investigation, it can be deduced that the formation of oxide layer in the Titanium alloys 

occurs during fretting, after fretting and in some instances before fretting. CoCrMo however 

does not re-passivate during fretting but does recover its oxide layer after. 
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Chapter 1: Introduction 

1.1 Introduction 
Total joint replacements (TJR) are considered to be one of the most successful 

reconstructive orthopedic surgeries that can be implemented for functional restoration of 

damaged joints, and become very common due to increase in aging population. According to the 

American Joint Replacement Registry (AJRR), there were about 1,200,000 (primary and revised 

surgeries) across the United States between the years 2012 and 2017 for total joint replacement 

surgeries [1]. They have conducted replacement surgeries on deteriorating hip joints, knees, 

shoulders, ankles, elbows, wrists and fingers for millions of people in modern day medicine [2]. 

These are medical treatments used for patients with severe cases of arthritis and rheumatism 

which are mostly common orthopedic disease in old-aged people [3]. These surgeries are not 

only common in old-aged people but also amongst athletes due to injuries suffered while playing 

respective sports. Due to appreciable progress in research involving TJR’s over the past decade, 

it has been pointed out that the primary concern is with the loosening of the prosthetic which is 

often combined with osteolysis (destruction of bone tissue) following wear, corrosion and fatigue 

failure of the implant [2]. Though the modular design of joint replacements are mostly due to 

ease of customization for individuals, the modular interface such as the stem-head interface is 

continually subjected to wear and corrosion. These bearing components are usually made of 

ceramics, metals and polymers [4]. The most common type of TJR’s are the metal on metal 

(MoM) joint replacements consisting of three main parts. The ball, stem and shell which are all 

made of metal alloys. They are of higher preference to other types of materials because of greater 

mechanical and manufacturing advantages including less total loss of material being removed the 

ball and socket, low chance of dislocation and a reduced chance of fracture [5]. The most 

common types of metallic alloys used in MoM joint replacements are Cobalt Chromate (CoCr), 

Titanium (Ti) and Stainless Steel alloys. Titanium alloys are the most widely used for medical 

devices and orthopedic implants because of its excellence of inertness in a biochemical 

environment and superior mechanical strengths. Likewise Cobalt Chromate alloys are being used 

for the bearing components of joint replacements due to their high stiffness and mechanical 

strengths with stable chemical responses in human body. In spite of their excellent mechanical 

and chemical properties, however, a course of daily motions of patients and corrosive 
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environment surrounding the implant progressively deteriorate the implant surfaces and lead to 

unexpected failure of the joint. When the mechanical damage process takes place in chemically 

reactive environments, the combined complexity modifies the damage mechanisms. For 

example, CoCr alloys manifests superior strength and hardness compared to Ti alloys. Therefore, 

it has been understood that longevity of CoCr joints is greater than that of Ti joints. However, 

previous clinical studies and in vitro simulations of Tribocorrosion presented contrary results, 

thus Cobalt Chromium implant surface showed higher wear rate than that of the titanium implant 

surface despite Cobalt Chromate’s superior mechanical properties [6,7]. 

1.2 Background 
In the world of physics, friction can be defined as a force which opposes relative motion 

between contacting systems [8]. Though it’s a very common force, it is quite complicated in 

terms of understanding of its nature but can be characterized using a variety of mechanical 

testing techniques. One of the fundamental characteristics of this force is that the force of friction 

is parallel to the surfaces in contact and is always in the opposite direction of motion to the 

contact surface between the interacting surfaces [8]. There are two main types of friction known, 

i.e. kinetic and static frictions. In a system experiencing kinetic friction, it is observed that the 

systems in contact move relative to each other with a significant displacement. In a case of static 

friction, there is no relative motions between the systems in contact [9]. In simple terms when 

there is no motion between objects, the magnitude of the static friction is fs ≤ μsN and that of the 

kinetic friction is fk = μkN. As aforementioned, frictional force resists motion between surfaces in 

contact. This occurs as a result of the roughness of the surfaces in contact [9]. Even in the perfect 

smooth surface contact the friction is as a result of the attractive forces between molecules 

making up the objects or surfaces in electrical and/or chemical bonding [8]. The adhesive forces 

causing this phenomenon also depend on the electronic structures (electron configurations) of 

chemical components in contact [9].  Adhesion or adhesive forces usually occur as a result of 

unwanted removal and attachment of wear debris and material compounds between two surfaces. 

Adhesive wear can be categorized as adhesive wear caused by plastic deformation and cohesion 

adhesion between two materials. Abrasion on the other hand can simply be defined as the wear 

down of a material.  
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Fatigue can be defined as the weakening of a material which is caused by repeatedly 

applied loads. It is initiated when materials are subjected to cyclic sliding contact loadings which 

leads to a progressive and localized structural damage [10]. When a material undergoes fatigue 

loadings, the applied stress is nominally less than yield point and thus there is no warning prior 

to failure of the materials. However, the repeated shear loadings produce atomic level 

dislocations and they turn to microscopic cracks.  Stress concentrations at the micro crack tips 

induce localized plastic deformations [11]. Once a crack reaches a critical size, the plastically 

deformed top surface layer will be separated from the material and subsequently fractures. The 

fatigue life is also immensely affected by the grain orientations and surface and subsurface flaws. 

For instance, square holes or sharp corners lead to increased local stresses where fatigue cracks 

begin. However, round holes and smooth transitions or fillets increase the fatigue strength of the 

structure [10]. There are different stages of fatigue. They are stage I crack, stage II crack and 

eventually ultimate failure. These crack initiations are caused by both high and low cycle fatigue 

[10]. This process begins when cracks nucleate within a material. It happens at either stress 

concentrated areas in metallic samples or at localized areas with high void density in polymer 

samples. At stage I crack, it gradually propagates along crystallographic planes where there are 

high shear stresses. At the peak or critical size of these cracks, they propagate at a high rate 

during stage II crack growth in a direction perpendicular to the applied force which subsequently 

lead to the ultimate failure of the material usually in a brittle manner [10]. All this can be 

summarized as delamination wear which usually occurs in three stages. It occurs from the 

formation of voids at the near surface of the material being investigated, growth of cracks 

parallel to the surface which also causes growth of void and the removal of thin long wear 

particles from the onset of a crack reaching its critical length [11].   

 Corrosion can be generally defined as the most undesirable type of attack, which allows 

one to predict the probable life of an equipment with some degree of accuracy [12]. It affects all 

materials including metals, polymers and ceramics. It results from chemical and/or physical 

interactions between the material and its surroundings [12]. Metals are distinctive from other 

materials by a number of favorable properties including ductility, high tensile strength, and 

resistance to temperature, electrical and thermal conductivity and easy connection and machining 

[12].  Relevant elements of machinery, aircraft, cars, power plants, precision tools, civil 

engineering structures and chemical plants are mostly made of metal. However, the continuous 
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contact at the assembled interfaces of the parts will lead to significant surface wear damage. 

Most metals and alloys are not thermodynamically stable in contact with the atmosphere and 

water. [12]. Therefore, the electrochemical instability of metals manifests challenges to design 

and produce to be used in ambient and reactive environments. In general, corrosion and wear of 

these systems critically limits the durability and lifetime of elements and machine systems [12]. 

Engineering have successfully controlled the rate of corrosion for most applications by using 

adequate preventive means such as material choice, treatment of surface, electrochemical 

protection and others. This allows metallic objects to satisfactorily fulfill its function over the 

predicted timeline [12]. Types of corrosion include; uniform corrosion, galvanic corrosion, 

fretting corrosion, pitting corrosion, inter-granular corrosion, selective corrosion, erosion 

corrosion and stress corrosion cracking [12].   

 This thesis project aims to study fretting corrosion of biomedical implants. This is a type 

of corrosion that occurs when small relative motions at the asperity scale stimulate contacting 

surfaces in corrosive environment. The damage is caused by applying a repeated shear load 

which results in plastic deformations or local pits. The electrochemical reaction accelerates 

corrosion process through the vulnerable area by fretting This typically occurs in clamped joined 

interfaces such as bolted assemblies and riveted connections [12]. During transportation, contact 

surfaces exposed to vibration run a risk of undergoing fretting corrosion [12]. The damage takes 

place at the areas of two highly loaded surfaces that cannot be moved against each other. Fretting 

fatigue is usually caused by vibration [12]. The protective film on the metal surfaces is removed 

by the rubbing action and exposes fresh, active metal to the corrosive ambient [12]. The 

interlocked interface between head and stem of modular hip joints is subjected to the fretting 

fatigue due to patient’s daily motions and the corrosive synovial fluid [13]. 

 The corrosion mechanism in liquids is constituted by some elements of electrochemistry 

[14]. Electricity flows from certain areas of a metal surface to other areas through a conductive 

solution, such as sea water. An anode is a corroded portion of a metal surface from which metal 

ions are released into the solution (electrolyte) [16]. A cathode however is a portion of a metal 

surface the free electrons migrate in [16].  
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Figure 1: Electron flow in an electrolyte bath 

  

To complete the circuit a conductor is used to join the two pieces of metal outside the 

solution. An electrolyte is a term used to describe a solution able to conduct electricity due to the 

presence of ions. These ions are positively or negatively charged atoms or molecules dissolved in 

the solution.  An electrolyte that forms a corrosive environment can be any air-condensed 

solution, moisture or rain. It can range from a neutral solution to an alkaline or acid [16].   

 Electrodes is used to describe the anodes and cathodes involved in a corrosion reaction 

either consisting of two different kinds of metal or located in different areas on the same piece of 

metal. As stated earlier, the anode (negative electrode) is where corrosion occurs [16]. 

 One of the main causes of metallic corrosion is the electrochemical reactions at the 

interface between the metal and an electrolyte solution [16]. In a cathodic reaction, a solution 

species which is often O2 or H+ is reduced, which ends up removing electrons from the metal 

[16]. When these two reactions are in balance, the flow of electric current (electron flow) from 

each reaction is balanced, and there is no net electrical current [16]. These reactions can occur on 

a single metal or two different metal sites connected electrically. 
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Figure 2: Electrochemistry of metal ion dissolution in liquid 

 

 Keeping the anodic and cathodic reactions of a metal in equilibrium is known as the 

potential of a metal. The current of every half-reaction depends on the electrochemical potential. 

For instance, if the anodic reaction releases too many electrons in the metal, the excess electrons 

slow the anodic reaction and increase the cathodic potential subsequently cancelling out the 

initial perturbation of the system [26]. Open-circuit potential (Eoc) is defined as the equilibrium 

potential of the metal relative to a reference electrode in the absence of the electrical connections 

in a solution [16]. The most fundamental study of electrochemical corrosion is the open-circuit 

measurement. Corrosion current (Icorr) is the value of either the cathodic or anodic current at 

open-circuit potential [16]. There are certain system parameters that affect the corrosion current 

and rate. These parameters include, type of metal, composition of the solution, metal history, 

temperature, movement of the solution [16]. 

 Also, in order to understand details in electrochemical responses a potentiostat controller 

is employed. The potentiostat allows to control potentials of a metal and measure the corrosion 

current to determine electrochemical reactivity of the metal piece in the surrounding solution. A 
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potentiostatic polarization is the measure of current across the surface of the metal over a period 

of time. Polarizing a sample means forcing the electrical potential of the metal surface in a 

solution away from an open circuit potential. The current (response) of the sample is measured as 

it is polarized. This response is used to develop a model of the samples corrosion behavior [16].  

Total joint replacements (TJR’s) also sometimes referred to as prosthetic implantation are 

used to replace deteriorating hip joints, knees, shoulders, ankles, elbows, wrists and fingers for 

millions of people in modern day medicine [1]. These prosthetic implantations are treatments 

used for patients with severe cases of arthritis or rheumatism which are mostly common in old-

aged people [2]. Surgeries involving total joint replacements are also very common amongst 

athletes due to injuries suffered while playing sports [2]. 

As aforementioned, the American Joint Replacement Registry (AJRR) reported about 

1,186,955 (primary and revised surgeries) total joint replacement surgeries across the United 

States between the years 2012 and 2017 [3], Hence the need to research is obvious to study the 

effect of the implants on biological systems of human and animals. Due to appreciable progress 

in research of TJR’s over the past decade, it has been pointed out that the primary concern is the 

loosening of the prosthetic implants caused by periprosthetic osteolysis (destruction of bone 

tissue) following progressive surface damage by wear and corrosion [1]. Though the modular 

design of joint replacements are mostly used due to ease of anatomic customization for 

individuals, the modular interface such as the stem-head interface is continually subjected to 

wear and corrosion. These modular components are usually made of ceramics, metals and 

polymers [4]. In the US between the years 2012 and 2017, there were a total of 350,000 total hip 

replacement surgeries. Recently, successful metallic hip joint prosthetic surgeries have been 

reported. The metal-on-metal (MoM) hip replacements consist of three main metallic parts 

including the ball, stem and acetabular cub. This MoM hip replacements have been preferentially 

employed because of their mechanical excellence resulting in less total loss of material being 

removed from the ball and socket during articulation, low chance of dislocation when the femur 

slips out of its socket in the pelvis and a reduced chance of fracture [5]. The most common types 

of metallic alloys used in MoM hip replacements are stainless steels, Cobalt Chromate alloys and 

Titanium alloys. Therefore, this research focuses on mechanical and chemical responses of 

metallic implant materials used in total hip replacement surgeries.  
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Bioimplants are made from a variety of materials that must be physiologically compatible 

in the human body. Generally, biomaterials are natural or synthetic materials used in the 

replacement to improve functions and support the bone structures. They replace living tissues 

and organs such as heart valves, vessels, joints and others. As they have to conduct biological 

functions instead of the original organs and tissues, biological and physiological stability at the 

implant-tissue interfaces is very critical. In some situations, biomaterials are also required to be 

degradable or naturally-dissolving to disappear from the entity after its function has been 

fulfilled [6]. Another application of biomaterials is to deliver medications to targeted parts using 

dissolvable capsules for carrying drugs toward the desirable area in the body. Bone fracture 

fixture in the form of scaffold structure has been used to support and repair damaged bone 

tissues. Such implantable materials are made from three main materials, i.e. metals, ceramics and 

polymers or composites [6].  

1.2.1 Metallic Implants 

The use of metallic materials for prosthetic implants can be followed back to the 19th 

Century, paving the way to the period when the metal industry started to expand amid the 

Industrial Revolution [17].  The development was driven primarily by the requirements for bone 

repair approaches, usually internal fracture fixation of long bones. However, there were almost 

no success in attempts to implant metal devices, such as spinal cables iron, gold or silver bone 

pins, were successful until Lister’s aseptic surgical technique was created in the 1860s [17]. 

Since that period, metallic materials have played a major role in orthopedic surgery in most 

orthopedic devices, temporary and permanent implants. Even though a majority of metals and 

alloys that can be produced in industry, only a select few are bio-compatible and can be an 

implant material for long-term success [18]. Some of the metallic implants include; Stainless 

Steels, Titanium based and Cobalt based alloys [17].  

In the chemical field, metals are combined with other elements, as metal oxides in the 

earth’s crust in mineral form. These mineral deposits are extracted to supply ore suitable for 

further processing into pure metal or various alloys. Certain mines in the United States, mainly 

the South-Eastern parts yield sands containing quartz with deposits of zircon, titanium and iron 

minerals [17]. Titanium metal can be extracted from rutile using a few methods, one of which 

involves treating the ore with chlorine to make titanium tetrachloride liquid and then treated with 
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magnesium or sodium to produce magnesium or sodium chlorides and bulk titanium (Kroll 

Process) [19, 20]. The titanium bulk produced after this method is usually of low purity. 

Depending on the level of purity desired, further refinement is done by using vacuum furnaces, 

re-melting and other additional steps [19]. These steps are important in the production of 

titanium with the appropriate properties. For instance, commercially pure titanium varies in 

oxygen by only tenths of a percent. These differences can affect the mechanical properties such 

as yield, tensile, and fatigue strength of the titanium alloy. The final raw metal product yields 

some type of bulk form, ingots which are supplied to metal manufacturers [19]. For a 

multicomponent metallic implant alloy, the raw metal product is usually processed further, 

chemically and physically, to produce an alloy that meets certain chemical and metallurgical 

specifications.                                     

Preliminary fabrication and final forms of the orthopedic device is obtained from the raw 

metal product. The final geometry of the implant, costs of alterative fabrication methods, 

forming and machining properties of the metal, dictate the specific steps required [20]. 

Investment casting, forging, conventional and computer-based machining, powder metallurgical 

processes, and a range of grinding and polishing steps are among the fabrication methods. These 

manufacturing methods are required because not all the alloys can be manufactured the same 

way, even economically. A typical example is cobalt-based alloys. These alloys are extremely 

difficult to machine via conventional methods into the complex shapes of some implants. Hence, 

many of them are frequently shaped into the desired forms by investment casting [20]. Unlike 

cobalt-based alloys, titanium is relatively difficult to cast so it is frequently machined. The 

surface of the implant is then treated using applications of macro or microporous coatings or the 

deliberate production of certain degrees of surface roughness. The full understanding of the 

properties of each alloy in terms of microstructure and processing is dependent on the knowledge 

of the chemical and crystallographic identities of the phases, the relative amounts, distribution 

and orientation of theses phases and the effects of the phases on properties [20].   

 Cobalt-Based Alloys 

In 1709, Haynes studied Cobalt Chromium alloys and showed that the basic binary CoCr 

alloy exhibited high strength and low chemical reactivity, and the addition of Molybdenum (Mo) 

or Tungsten (W) increased the strength of the alloy significantly [21] Generally, CoCr alloys 
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have high-wear resistance, high strength, high modulus of elasticity and high corrosion 

resistance. Its possession of such properties is what qualifies its usefulness in orthopedic 

implants. The alloys were initially used as dental alloys and were later used for orthopedic 

implants. Due to the success rate of these alloys, they are continually used in many current 

orthopedic implants such as total hip replacement and total knee replacement [21]. Even though 

CoCr alloys are used for medical implants because of its high performance, it remains a problem 

because of its degradation due to wear and corrosion. The damage of implants due to wear and 

corrosion is known to cause bone destruction (osteolysis) and inflammation to human cells.  

CoCr alloys are known to have high corrosion resistance. This can be attributed to the 

presence of a spontaneously formed thin passive oxide film on the surface under normal 

conditions. This passive film is usually thin. To put it into perspective, it is a few nanometers 

thick and is able to isolate the reactive base metal from the surrounding solution and becomes a 

kinetic barrier to active metal dissolution reactions [22, 23]. The oxide film however loses its 

protection to corrosion when there is abrasion or other oxide disruption processes like 

mechanical wear (fretting) on the surface of the CoCrMo alloy [22, 23]. Once there is abrasion of 

the oxide film, the corrosion rate of base metal increases during repassivation. Also corrosion 

debris and metal ions generated are usually associated with adverse tissue relations [22, 23], 

adverse reaction to metal debris [24, 25]. Recent research has proven that high early failure rate 

of hip implant has been directly linked to fretting corrosion of modular taper interfaces. CoCrMo 

has been involved in many cases. Therefore, the passive oxide film plays an important role in 

determining the fretting corrosion susceptibility of CoCrMo alloy [24, 25]. Though oxide films 

aid in the resistance of corrosion of CoCrMo alloy under normal non-fretting conditions, they are 

not inert.  

Some examples of cobalt-based alloys include American Society for Testing Materials 

(ASTM) F75 and F90 also known as Haynes-Stellite 21 and 25 respectively, forged Co-Cr-Mo 

alloy (ASTM F799), ASTM standard F1537 and multiphase (MP) alloy MP35N (ASTM F562) 

[14]. Some alloys are identical in composition, F75 and F799 are quite identical about 58-70% 

Co and 26-30% Cr. The main difference is how they are processed [14]. The ASTM F1537 alloy 

is what was used for this research.  
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Table 1: Mechanical Properties of ASTM F1537 CoCrMo alloy 

Material 
Yield Strength 

(MPa) 

Ultimate Strength 

(MPa) 
Hardness (HRC) 

CoCrMo (F1537) 958 1338 45 

 Titanium Based Alloys 

Titanium is an element with a low density, approximately 60% of the density of iron and 

about half the density of cobalt that can be increased in strength by alloying and deformation 

processing [24]. Once pure titanium experiences an allotropic transformation (approximately 855 

˚C), it changes from a hexagonal close packing phase (HCP) to a body centered cubic phase 

(BCC). Titanium alloys can be categorized into four classes based on their microstructure after 

processing. They are α-alloys, near α-alloys, α-β alloys and β alloys [26]. In comparison to other 

alloys such as cobalt chromium, titanium is higher in specific strength (strength/density) but 

inferior in tribological properties [26]. Titanium alloys are used as biomaterials due to its low 

modulus, high biocompatibility and enhanced corrosion resistance unlike cobalt chromium alloys 

[26]. When it comes to the design of titanium alloys, the main concern are the mechanical 

properties. This is because the matrix element of titanium is already corrosion resistant [26]. 

Alloying surfaces of titanium sensitively impacts the transformation temperature between α-HCP 

and β-BCC. These are grouped into α or β stabilizing additions, depending on the change in the 

α/β transition temperature [27]. Elements such as oxygen, nitrogen and carbon (interstitial 

elements) are strong α stabilizers which raise transformation temperature when the solute content 

increases. On the other hand, hydrogen is considered a strong β stabilizer because it decreases 

the transformation temperature with increasing solute content [27]. Titanium is a unique metal 

because of its high solubility of oxygen and nitrogen. Because of this, heating titanium in air 

high temperatures yields oxidation (solid solution hardening of the surface) also sometimes 

known as air contamination layer, blemishes the fatigue strength and ductility, such that it must 

be removed (machining or chemical milling) before being implanted [27]. Aluminum is also a 

strong α stabilizer. Unlike α titanium, β titanium has more elements solubilized in it. These 

elements (β stabilizer) are chosen because they do not form intermetallic compounds with 

titanium and vice versa [27]. Transition metals such as vanadium, molybdenum, chromium, iron, 

copper, nickel, palladium, cobalt and manganese are used to form eutectoid systems. These 
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elements are usually added to alloys together with one or more of the β isomorphous elements to 

stabilize the β phase and prevent the formation of intermetallic compound, during thermo-

mechanical processing, heat treatment, or service at elevated temperatures [27]. Vanadium, 

molybdenum, niobium, chromium, iron and silicon are the most frequently used β stabilizing 

elements [28]. Because chromium, iron and other compound formers are β stabilizers, improve 

hardenability and respond to heat treatment, they are sometimes used in β rich, α-β alloys or in β 

alloys [28]. These elements have significant solubility in both α and β phases but can lower the 

α/β transformation temperature very slightly, and then increase it again at higher concentrations 

[28]. Alumina, tin and zirconium are commonly used together in and near-α alloys. In α–β 

alloys, these elements are distributed approximately equally between α and β phases. Almost all 

commercial titanium alloys contain one or more of these three elements because they are soluble 

in both α and β phases, and particularly because they improve creep strength in α phase [28]. The 

most common titanium alloys used in making implants are commercially pure (CP) titanium 

(ASTM F67) and extra-low interstitial (ELI) Ti6Al4V alloy (ASTM F136) [28]. Focus will be on 

ELI Ti6Al4V (ASTM F136).  The ELI Ti6Al4V is an alpha-beta alloy, with a microstructure 

dependent upon heat treatment and mechanical working [28].  

Table 2: Mechanical Properties of ASTM F136 Ti6Al4V alloy 

Material 
Yield Strength 

(MPa) 

Ultimate Strength 

(MPa) 
Hardness (HRC) 

Ti6Al4V (F136) 924 1000 33 

  

1.2.2 Ceramic Implants 

Ceramics are created from a wide range of inorganic/nonmetallic compositions [21]. They 

are mainly oxides, but they can be carbides, nitrides, borides and silicide as well. Ceramics can 

be single compounds or various compounds mixtures [29]. They have vas mechanical and 

physical properties but known to be hard and brittle. The brittleness of ceramics is as a result of 

the processing and preparation. These flaws result in premature failure of ceramic materials [30].  

In the medical field, ceramics, glasses and glass ceramics are used to create chemical ware, 

diagnostic instruments, thermometers, tissue culture flasks and eyeglasses.  
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Ceramics are also used in the dental field as restorative materials such as dentures and glass-

filled ionomer cements [30]. They are used in the production of prostheses for joint replacement 

in orthopedics and for bone reconstruction in osteosynthesis [30]. 

1.2.3 Polymers/Composites Implants 

Composite is a word that means “consisting of two or more noticeable parts. [29]” Materials 

such as metal alloys and polymeric materials can all be classified as composite materials because 

they consist of different and clear atomic groupings at the atomic level [29]. At the 

microstructure level, a metal alloy such as plain carbon steel containing ferrite and pearlite may 

be referred to as a composite material because ferrite and pearlite are clearly visible components 

when viewed under the microscope [29]. Bones and tendons can also be referred to as composite 

with several levels of hierarchy at the molecular level. A composite as a biomaterial is a material 

consisting of two or more chemically distinct constituents, on a macroscale, with a distinct 

interface separating them [29]. These such characterized composites have one or more 

discontinuous phases embedded within a continuous phase [31]. In comparison, the 

discontinuous phase (reinforcing material) is known to be stronger and harder than the 

continuous phase (matrix) [31].  The properties of composites are dependent on the properties of 

their constituent materials, their distribution and content, and the interaction among them [31]. 

The composite properties may be the volume fraction sum of the properties of the constituents, 

or the constituents may interact in a synergistic way due to geometrical orientation so as to 

provide properties in the composite that are not accounted for by a simple volume fraction sum 

[31]. Specifying the constituent materials and their properties is one way of describing a 

composite material along with specifying the geometry of the reinforcement, concentration, 

distribution and orientation [32]. These materials are a created to provide desired mechanical 

properties such as strength, stiffness, toughness, and fatigue resistance [32]. It is therefore natural 

to study composites which have a common strengthening mechanism together. This 

strengthening mechanism is dependent on the geometry of reinforcement. This allows for easy 

classification of composite materials based on the geometry of reinforcement [32].  

With respect to this classification, the distinctive feature of a particle is that it is non-fibrous 

in nature.  It is approximately equiaxial irrespective of its shape [32].  A fiber has a length that is 

much larger than the cross-sectional dimensions and sometimes particle-reinforced composites 
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are called particulate composites. Fibrous composites are reinforced fiber composites. A 

laminate is a composite structure which is created by stacking laminae of fiber composites 

oriented to produce a structural element [32]. The characteristics, number and orientation of 

laminae are made to match specific design requirements. 

In general, fibers are more mechanically effective than particles, and polymer-fiber 

composites have high stiffness and strength comparable to those of metals. In comparison, 

particle-reinforced composites are isotropic while fiber-reinforced composites are anisotropic 

[33]. When a composite material implant fails, it exposes fibers or particles to the surrounding 

biological environment. Due to idrothermal aging or stresses exceeding the interface strength, 

failure in composites is pioneered by failure of the interface between filler and matrix [31]. 

Method of sterilization can play an important role. Like all biomaterials, the problem of tissue 

response to the composite is important. With the composition of two or more materials, 

composites provide augmented probability of causing adverse tissue reactions [32]. The fact that 

one reinforcement has cellular dimensions always opens the possibility of cellular ingestion of 

particulate debris, which can either lead to the production of tissue-lysing enzymes or transport 

to the lymph system [34].  While durability and biocompatibility in a composite medical device 

can be considered important problems, composites offer unique advantages in terms of design 

and manufacturing [20]. These advantages can be used to build isocompliant arterial prostheses 

(Gershon et al., 1990, 1992), intervertebral disks duplicating the natural structure (Ambrosio et 

al., 1996) or fixation plates and nails with controlled stiffness (Veerabagu et al., 2003) [20]. 

Radiolucency is also considered to be another potential advantage for some applications. 

Radiolucency is also considered to be another potential advantage for some applications [20]. A 

typical example is the external or internal fracture fixation devices not shielding the bone 

fracture site from the X-ray radiography [20]. Flexibility, strength and lightweight design have 

made polymeric composite materials, mainly carbon fiber, the ideal materials for orthotics that 

can return walking and even athletic performance to impaired people (Dawson 200) [20]. 

Some of the main reinforcing materials that have been used in biomedical composites are 

carbon fibers, polymer fibers, ceramics, and glasses. The reinforcements are either inert or 

absorbable depending on the application [20]. 
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Composite materials can be manufactured using various technologies. The fabrication 

process used is dependent on the type of filler (particle, short or long fiber) and matrix 

(thermoplastic or thermosetting) [20]. Some use solvents whose residues could affect the 

biocompatibility of the material and are therefore not applicable to the manufacture of 

biomedical composites [20]. The selection of the most suitable manufacturing technology is also 

influenced by the relatively low production volumes compared with other applications and the 

relatively low dominance of the manufacturing costs over the overall cost of the device [20]. 

Common fabrication technologies for composites include: Hand layup, spray up, compression 

molding, resin transfer molding, injection molding, filament winding and pultrusion [20].  

1.3  Summary/ Organization of Thesis 
This thesis begins with the outline of relevant background information. The first chapter 

covers range of topics from biomaterials and total hip joint replacement. They further elaborate 

hip implants, types of wear, friction and corrosion. The investigation of two alloys in different 

pH environments is covered in chapters 2 through to 4 which engulfs the characterization 

methods, the material preparation and methodologies used in completion of this experiment.  

The thesis ends with chapter 5 which provides concrete conclusions from the experiments 

conducted and future work to be done to provide more information and further support results 

attained.   
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Chapter 2: Experimental methods and characterizations 

2.1 Mechanical properties 
Structural stability is the most important for load bearing joint implants. Daily motions of 

patients lead to a multi-axial cyclic loads including axial, bending and shear load. As a result, the 

continuous relative motion, known as fretting fatigue takes place at the interlocked modular 

interface such as femoral head-stem interface. Therefore, strengths, ductility, and wear resistance 

are very critical characteristics of implant materials. In addition, this complex mode of loads is 

applied to the implants in the corrosive environment. Consequently, it is necessary to understand 

modification of strengths and wear resistance in the reactive condition.  In this chapter, a brief 

discussion of mechanical integrity of metallic implant materials. 

The mechanical properties such as the young’s modulus, hardness, ultimate strength, 

fracture toughness, modulus of resilience, endurance limit and fatigue strength are imperative in 

choosing metallic implants. These properties also help in predicting the life of the material being 

used in manufacturing of the implant. Elastic modulus which is the measurement of an object’s 

resistance to elastic deformation under any type of stress was a key factor in determining 

parameters such as the normal load to be used [35]. The yield strength is also a property of a 

material at which it undergoes plastic deformation under stress [36]. Yield strength is typically 

taken as 0.2 the unstressed length. Ultimate strength of a material can be defined as the ability of 

the material to endure tensile loads [37]. This property can be characterized by using a tensile 

stress test, thus the use of example an Aeres mechanical tester to apply a tensile load to the 

material.  Fracture toughness can simply be defined as a materials ability to resist fracture 

(resistance of a material to brittle fracture) [38]. The modulus of resilience of a material is the 

maximum energy consumed per unit volume without causing distortion to the material [39]. The 

endurance limit also sometimes known as the fatigue limit is the range of cycle stress that the 

material can endure without causing any type of fatigue failure [40]. This can be characterized by 

using the tension-compression testing (alternating the samples between tensile and compressive 

loading) and tension-tension testing (exposing the samples to cyclic tensile amplitude), bending 

and torsion [41]. Some of these properties such as elastic modulus, yield strength and ultimate 
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strength can be measured using a nanoindentation technique which involves the use of a nano-

indenter using a tip harder than that of the metal preferably a Berkovich diamond tip.  

Titanium alloys are used for biomedical applications because of its high biocompatibility, 

corrosion resistance and specific strength unlike other implant materials [42]. There are different 

types of titanium alloys which are used in the biomedical industry [42]. These are Ti-6Al-7Nb 

[43] and Ti-5Al-2.5Fe [44] and Ti6Al4V alloys to name a few. Listed in Table 3 are titanium 

alloys used in biomedical applications. Ti6Al4V is the most commonly used titanium alloy. It is 

preferred because of its ease of machinability and outstanding mechanical properties. It is not 

only used in the biomedical field but also in the aerospace, automotive and marine fields as well. 

This is due to its outstanding performance for weight reduction [44]. The Ti6Al4V alloy which is 

the main focus in this experiment, is an alpha-beta titanium alloy which has a high strength-

weight ratio and high corrosion resistance. CoCrMo alloys however are used for biomedical 

applications such as implants because of its high wear and corrosion resistance [44]. CoCrMo 

alloys are comprised of 58.9-69.5% Co, 27.0-30%Cr, 5.0-7.0%Mo, and small amounts of other 

elements (Mn, Si, Ni, Fe and C), which follows the ASTM standard for cast alloys and wrought 

alloys (F-75 or F-1537) [45].  These alloys are used in areas where high stiffness or a highly 

polished and extremely wear-resistant material is required which is why it is sometimes the 

preferred material of choice for knee implants, MoM hip joints and dental prosthetics [45]. In 

table 4 below are some CoCrMo alloys used in the biomedical field.  
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Table 3: Titanium alloys used in biomedical field 

Ti6Al4V ELI (Wrought: ASTM F136 and forged: 

ASTM F620); α+β type 
Ti-13Nb-13Zr: near β type (USA), low modulus 

Ti-5Al-3Mo-4Zr: α+β type (Japan) Ti-12Mo-6Zr-2Fe: β type (USA), low modulus 

Pure titanium (ASTM F67): Grade 1, 2, 3 and 4 Ti-15Mo: β type (USA), low modulus 

Ti6Al4V (Casting: F1108): α+β type Ti-16Nb-10Hf: β type (USA), low modulus 

Ti-5Al-7Nb (ASTM F1295): α+β type (Switzerland) Ti-15Mo-5Zr-3Al: β type (Japan), low modulus 

Ti-5Al-2.5Fe (ISO/DIS 5832-10): β rich α+β type 

(Germany) 
Ti-15Mo-3Nb: β type (USA), low modulus 

Ti-15Sn-4Nb-2Ta-0.2Pd: α+β type (Japan) 
Ti-35.3Nb-5.1Ta-7.1Zr: β type (USA), low 

modulus 

Ti-15Zr-4Nb-2Ta-0.2Pd: α+β type (Japan) Ti-29Nb-13Ta-4.6Zr: β type (Japan), low modulus 

 

Table 4: Cobalt based alloys used in biomedical field 

Co-28Cr-6Mo cast 

Co-28Cr-6Mo wrought 1,2,3 

Co-19Cr-17Ni-14Fe-7Mo-1.5Mn 

Co-35 Ni-20Cr-10 Mo 

Co-20Cr-15W-10Ni-1.5Mn 

 

2.2 Corrosion resistance 

2.2.1 OCP 
Corrosion usually happens at a rate determined by an equilibrium between opposing 

electrochemical reactions. The initial reaction is an anodic reaction. This occurs when a metal is 

oxidized causing the release of electrons into the metal [46]. The alternative is a cathodic 

reaction. In this type of reaction, a solution species (often O2 or H+) is reduced, removing 

electrons from the metal. Often when these two reactions are in equilibrium, electron flow from 
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each reaction is balanced and no net electron flow occurs. Both reactions can occur on one metal 

or on two different metals that are electrically connected [46].  

The method by which the anodic and cathodic reactions are kept in balance is referred to as the 

potential of the metal. The electrochemical potential of a metal is dependent on the half reaction 

produced by the current [46]. For example, when the anodic reaction releases too many electrons 

into the metal, the excess electrons released shift the potential of the metal more negative, which 

ends up slowing the anodic reaction and increasing the cathodic reaction. This counteracts the 

initial perturbation of the system [46]. 

To record the open circuit measurement, a potentiostat with a three-electrode unit was 

used. The potentiostat is used to measure the ion concentration in an electrolyte by virtue of the 

current and voltage measurements. As mentioned earlier, a three-electrode unit was used for 

open circuit measurement. These three electrodes are the working electrode, counter electrode 

and reference electrode. The working electrode is the polished alloy embedded in epoxy be it 

Ti6Al4V or CoCrMo, the counter electrode is a platinum wire and the reference electrode is a 

saturated calomel electrode which is known for its accuracy in electrochemical measurements. 

Everything is put together with a customized stage as part of a final configuration before fretting 

corrosion is began. Using the principle of the Hertzian contact theory between a sphere and an 

elastic surface, an alumina sphere with a 3mm diameter is used to induce scratching on the 

surface of the alloys which is submerged in an electrolyte. Changes in potential in the OCP 

shows changes in the surface layer of the alloy. It could be a re-passivation process thus 

formation of oxide layer on the surface of the metal or a de-passivation process thus the 

breakdown of oxide layer on the surface of the metal.  

2.2.2 Potentio-static/dynamic polarization 
The need to understand electrochemical techniques are optimal for the study of the 

corrosion process because corrosion occurs through electrochemical reactions [46]. An 

electrochemical study can be done using a potentiostat. The potentiostat allows for the controlled 

change of a potential of a metal and measure the current that flows as a function of potential. A 

potentiostatic polarization is the measure of current across the surface of the metal over a period 

of time. Polarizing a sample means forcing the potential of the metal surface in a solution away 
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from an open circuit potential. The current (response) of the sample is measured as it is 

polarized. This response is used to develop a model of the sample’s corrosion behavior [46].  

A potentiostatic polarization test is another way of measuring the electrochemical 

corrosion of a metal surface. In a potentiostatic polarization test, a uniform voltage is run across 

the surface of the metal to obtain the change in corrosion current (Icorr) over a period of time. As 

aforementioned, the corrosion rate and current are dependent on factors such as the type of 

metal, solution movement and many others. In order to ensure electrochemical corrosion is 

occurring while running a potentiostatic test, a linear sweep voltammetry is run to obtain the 

potential at which oxidation of iron occurs on the surface of the metal. It varies for different 

metals but in CoCrMo, the maximum current should not exceed 1.5V. An electrochemical series 

chart can be used to obtain the range of potentials at which deionization of present chemicals in 

an alloy occurs. This helps with giving an idea of what the maximum current could be before 

running the linear sweep voltammetry. Individual oxidation of the various elements will occur at 

the given potentials if the chemical composition of the alloy is not uniform. For a uniform 

chemical composition alloy, oxidation would still occur but the individual elements will not 

stand out.  

Table 5: Electrochemical Series Table for various common elements in CoCr alloy 

Reaction Potential (Volts) 

H2MoO4 + 6H+ + 6e- → Mo 4H2O 0.00 

Co+2 + 2e- → Co -0.28 

Fe+2 + 2e- → Fe -0.4402 

Cr+2 + 2e → Cr -0.557 
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Table 6: Electrochemical series table for various common elements in Ti6Al4V alloy 

Reaction 

Potential Range 

(Volts) 

Titanium 0.04 to -0.12 

Aluminum -0.76 to -0.99 

Vanadium -0.26 

 

From the list presented above, the maximum potential required to initiate oxidation of iron in the 

alloy is 0.00 volts so the 1.5 volts is well above the oxidation potential. 

2.3 Friction and wear resistance 

2.3.1 Friction 
Friction is a force which opposes relative motion between contacting systems [8]. Its 

nature is complicated hence making it a little difficult to comprehend but it can be characterized 

using a variety of mechanical testing techniques. A fundamental characteristic of frictional force 

is that it is parallel to surfaces between the interacting surfaces [8]. Force of friction is known to 

have two main types i.e. kinetic and static frictions. In a system experiencing kinetic friction, it is 

observed that the systems in contact move relative to each other with a significant displacement. 

In a case of static friction, there is no relative motions between the systems in contact [47]. 

Simply put, there is no motion between objects, the magnitude of the static friction is fs ≤ μsN 

and that of the kinetic friction is is fk = μkN. Even in the perfect smooth surface contact, friction 

is as a result of the roughness of the attractive forces between molecules making up the objects 

or surfaces in electrical or chemical bonding [47]. In this experiment, wear is also characterized 

using frictional force. Frictional force is measured using frictional table installed with the nano-

indenter. The friction table measures the frictional force, normal force and CoF of friction on a 

microscale.  
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2.3.2 Wear: abrasion, adhesion, contact fatigue 
The damaging, deformation and gradual removal of material at solid surfaces is known as 

wear. It can be mechanical or chemical [48] and the study of this phenomenon and its processes 

is known as tribology [48]. In machine elements, wear in conjunction with fatigue and creep, 

cause functional surfaces to degrade, subsequently leading to loss of functionality or failure [49]. 

Wear ultimately yields in generation of debris of different sizes, shapes and chemical 

compositions [50]. Particle properties depend on load applied, sliding speed, environment and 

other parameters [51]. Wear particles can vary according to shape. They include plate-shaped 

particles with aspect rations of 2-10, which occur as a result of accumulated plastic deformation, 

and ribbon-shaped particles with aspect ratios higher than 10 also caused by abrasion [51].  

 These particles induce mechanical damage, however, sometimes the aftermath become 

more relevant. For instance, in artificial joint replacements, wear debris triggers the autoimmune 

reaction and leads to a failure of the joint over time [52]. The severity of the reaction is known to 

be dependent on the wear particles number, shape, size and surface area [53]. The rate of wear is 

also dependent on type of loading, motion, temperature and lubrication. There are different types 

of wear mechanisms. Namely, adhesive wear, abrasive wear, surface or contact fatigue, fretting 

wear, erosive wear and corrosion wear.  

 According to ASTM international, wear due to abrasion is defined as material loss due to 

hard protuberances that are forced against and moved along a solid surface [54]. It is identified 

according to the type of contact and the contact environment [55]. The mode of abrasive wear is 

can be determined by the type of contact. The two main modes are two-body (occurs when the 

grits or hard particles remove material from the opposite surface) and three-body (occurs when 

particles are not constrained and are free to roll and slide down a surface) abrasive wear [48]. 

The common terms or ideas used to describe a two-body abrasion mode  

is comparable to a material being removed or displaced by a cutting or plowing operation [48]. 

In that of the three-body abrasion mode, the contact environment determines whether the wear is 

qualified as open or closed [48]. When surfaces are sufficiently displaced independent of one 

another it is known as an open contact environment. The manner of material removal is 

influenced by certain factors such as plowing, cutting and fragmentation [48]. Plowing usually 

happens when debris is displaced to the side, away from the wear particles, which ultimately 
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results in the formation of grooves that do not involve direct material removal [49]. Cutting 

however, occurs when there is separation of material from the surfaces primarily as debris or 

microchips with little or no material displaced to the sides of the grooves. It is comparable to 

conventional machining [49]. Fragmentation also occurs when there is separation of material 

from the surface through a cutting process and the indenting abrasives causes localized fracture 

of the wear of the material. Propagation of these cracks freely occur around the wear grooves 

which results in additional removal of material by spalling [49].  

 Adhesive wear is a type of wear found between surfaces undergoing frictional contact 

and generally defined as the unwanted displacement and attachment of wear debris and material 

compounds from one surface to another [48]. Adhesive wear can be put into two main 

categories: adhesive wear caused by relative motion and plastic deformation which create wear 

debris and transfer of material from one surface to another and cohesive adhesive forces which 

holds two surfaces together though they are separated by a measurable distance with or without 

any actual transfer of material. Adhesive wear in general occurs when two bodies slide over or 

are pressed into each other, which induces material transfer. This is sometimes described as 

plastic deformation of very small or minute fragments within the surface layers [48]. The surface 

roughness or asperities found on each surface affects the severity of how oxide fragments are 

pulled off and added to the other surface, this is partly due to the strong adhesive forces between 

atoms but also due to the build-up of energy in the plastic zone between the asperities during 

relative motion [56].  The surface attraction varies between different materials but are heightened 

by a rise in the density of the surface energy. To a certain extent, most solids will adhere on 

contact however, certain natural phenomenon such as oxidation films, lubricants and 

contaminants generally suppress adhesion and spontaneous exothermic reactions between 

surfaces generally create a substance with low energy status in the absorbed species [57]. 

Adhesive wear leads to an increase in roughness and production of protrusions above the original 

surface [57].    

 Contact fatigue, which is commonly found in ball or roller bearings, is a surface-pitting 

type failure. There are found in metal alloys, ceramics and cements. It results from a contact or 

Hertzian stress state which is its main difference from classic structural fatigue [57]. This 

localized stress state results when curved surfaces are in contact under a normal load. Usually, 



34 
 

there is motion of one surface over the other in a rolling motion. The contact geometry and the 

motion of the rolling elements produces a different subsurface shear stress [57]. Plastic strain 

builds up on the subsurface with increasing cycles until there is generation of a crack. The crack 

subsequently propagates until a pit is formed [57]. Initiation of pitting causes the bearing or ball 

to become noisy and rough running. If this is allowed to continue, fracture of the rolling element 

and failure occurs. Fractured races are caused by fatigue spalling and high hoop stresses [57]. 

Rolling contact components usually have a fatigue life thus the number of cycles to develop a 

noticeable fatigue spall unlike structural fatigue which has no endurance limit [57].   

2.3.3 Standard test methodologies 
In this experiment, a scratch test using the ideology of reciprocating wear was performed 

on two metallic surfaces. Namely, Ti6Al4V and CoCrMo to imitate cyclic contact fatigue during 

articulations in a total joint replacement (hip prosthesis) during daily motions. In order to achieve 

this, a Nanovea nanoindenter was used for the fretting fatigue contact experiment. This tester has 

a micro newton scale load cell and a depth sensor with a nanometer scale and a high-resolution 

step-motor motion stage. The load cell is used to monitor exact normal loads while the 

piezoelectric feedback module is used to measure the displacement responses. The motion stage 

also controls the lateral motion of the sample relative to its vertical spherical slider motions. A 

3mm spherical Aluminum silica ceramic was used to perform reciprocating scratch. This 3mm 

sphere was glued to a customized non-conducting slider material. The wear test was conducted 

in three different environments. A phosphate buffer solution with a pH of 7.4, a sodium lactate 

solution with a pH of 4 and 2 to simulate a corrosive body fluid environment.  

 Hertzian contact stress between a sphere (alumina sphere) and an elastic half space 

(CoCrMo and Ti6Al-4V) was invoked to evaluate the elastic normal loads as presented in the 

figure below.  
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Figure 3: Hertzian contact between a sphere and an elastic half-space. R-radius of alumina 

sphere, E1- elastic modulus of alumina sphere, E2- elastic moduli of associated body, u-depth, a-

contact area. 

 

 From the figure above, R will be the radius of the alumina sphere, E1 the modulus of 

elasticity of the alumina sphere and E2 the modulus of elasticity of CoCrMo or Ti6Al4V and u 

the depth. The depth of indentation u is given as: 

……Equation 1 

……Equation 2 

E1 and E2 are the elastic moduli and v1 and v2 the Poisson’s ratios associated with each body. 

The reciprocating wear test parameters were selected according to the normal walking motion 

which is an oscillating frequency of 1 Hertz. As aforementioned, fretting fatigue test was done 

for 1800 cycles which is equivalent to 60 minutes. The slider speed of 12 millimeters per minute 

was applied to a scratch length of 200 μm. Presented in table 7 below is a summarized test 

parameters for the experiment. 
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Table 7: Wear Test Parameters 

Method Parameters 

Type Reciprocating 

Load (mN) Constant (143) 

Scratch Length (μm) 200 

Scratch Speed (mm/min) 12 

Specimens CoCrMoTi6Al4V 

Environment PBS, Sodium Lactate 

 

An optical microscope was used to investigate the size and shape of wear trenches. This will 

inherently help examine the mechanisms of wear and corrosion of any debris developed. The 

force of friction is measured with the aid of a pre-installed friction table which converts the 

frictional force to the coefficient of friction during fretting contact tests. The result will also aid 

in the comprehension of surface damage on the two surfaces.  

 The need to understand electrochemical techniques are optimal for the study of the 

corrosion process because corrosion occurs through electrochemical reactions [26]. An 

electrochemical study can be done using a potentiostat. The potentiostat allows for the controlled 

change of a potential of a metal and measure the current that flows as a function of potential.  

 The open circuit measurement was measured using this said potentiostat which uses a 

three electrode method to measure the ion concentration in a liquid environment. The polished 

and cleaned samples acted as the working electrode, while a saturated calomel electrode (SCE) 

was the reference electrode and a titanium wire was the counter electrode. These electrodes 

along with the samples embedded in epoxy were placed in a customized stage to measure fretting 

contact while exposed to the electrolyte solution or environment. The arrangement which 

includes a 3mm alumina-silica ceramic sphere moving against stationary titanium or cobalt 

sample to apply large contact stresses under low loads. The configuration was done such that 

only the spherical alumina-silica and exposed metal surface of the sample were totally immersed 

in the electrolyte. The metal was kept in the solution for 60 minutes before any scratch was 

performed. This was done to allow stabilization of the electrolyte. The fretting contact 
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configuration was connected to the potentiostat to measure the ion concentration in the 

electrolyte. Initially the open circuit potential was run to ensure corrosion was at equilibrium. 

Changes in OCP is measured as a function of time to analyze the performance of both alloys in 

different environments/ electrolytes under a constant fretting contact condition. The corrosion 

test were repeated at least twice to verify reproducibility of the test results. The type of reaction 

whether anodic or cathodic can be determined from the change in OCP measurements which 

occurs on the surface of the metal specimen depending on the passive surface layer.  

Repassivation of the oxide layer on the metal surface increases the potential over time meaning 

an anodic reaction is occurring versus the reference electrode. Likewise a decrease in potential is 

caused by depassivation of the oxide layer on the metal surface. Electrochemistry of corrosion is 

dependent on factors such as load being applied, surface area, chemical composition of the 

electrolyte, frictional force and many more.  

 The absence of an oxide layer can cause the dissolution of metals in a liquid substrate. 

Alloys such as Ti6Al4V and CoCrMo possess some amount of oxide layer which almost makes 

them immune to dissolving in a liquid substrate but application of a voltage to the liquid 

substrate can cause passivation or depassivation of this said oxide layer. This imperative in the 

comprehension of corrosion process in metals. The ability of a metal to resist corrosion is known 

as polarization resistance. This is usually dependent on the presence of oxide layer on the metal 

substrate. Potentiostatic Polarization test is performed to investigate corrosion behavior at 

constant voltage when fretting is initiated. Different voltages are applied across the surface of the 

metal to measure the current density over time.  
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Chapter 3: Materials and Preparations 

3.1 CoCrMo and Ti6Al4V 
Both of the metal alloys were manufactured using the Electrical Discharge Machining 

(EDM) method to a 1.00mm x 2.54mm x 22.95mm dimensioning. The EDM method is preferred 

in industry because it can be used to cut metals to precise dimensions without altering its 

chemical and physical properties all the while minimizing residual stress. These samples were 

then embedded in epoxy to easily polish the surface. 

 

Figure 4: Embedded 1mm x 2.54 mm x 22.95mm sample in epoxy 10 (resin):3 (hardener) 

3.2 Sample preparation 
The metals were embedded in epoxy with a resin hardener combination of 10:3 (10 parts 

resin, 3 parts hardener) and left to dry for 24 hours after which they were grinded and polished 

using 600 grit, 1200 grit and 2400 grit size Silicon Carbide paper and finally a 0.05 μm colloidal 

silica and alumina on an ultrapad polishing cloth and a chemomet polishing cloth respectively for 

about 10-15 minutes until it had a mirror finish and then rinsed. Before performing any 

experiment, all samples were sonicated in acetone, methanol and de-ionized water for 180 

seconds (3 minutes). A non-conductive ceramic tip is used to induce fretting on the exposed 

surface of the specimen in the electrolyte so as to observe the electrochemical responses. This 

non-conductive ceramic tip is made of a 303 stainless-steel rod (1.59 mm diameter) cut to a 
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desired and encased in a ceramic tubing with a 3mm diameter alumina silica sphere attached to 

one end of the non-conductive tip.  The tip is then sonicated for 180 seconds in de-ionized water.  

 

                 Figure 5: Struers Pedmax-2 Polisher used to polish samples 

 

Figure 6: Indenter tip 
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Figure 7: Orthographic drawing of tribochemical cell. All dimensions are in inches 

 

 A custom tribochemical cell was designed to conduct the electrochemical tests. This cell 

came in 3 parts, a bottom plate made of steel to provide stability to the cell, another bottom part 

made of nylon which ensures that the metal alloy surface (working electrode) is in contact with 

an aluminum foil via a silver paste to electrically connect to the potentiostat while also 

preventing any leakage of the electrolyte. The top part also made from Nylon has three holes and 

a groove. The larger hole which is for the sample embedded in epoxy, has an O-ring fitted to it to 

prevent the electrolyte from flowing out and subsequently increasing the surface area being 

investigated. The two small holes are for the counter electrode which is a platinum wire and the 

Gamry Saturated Calomel Electrode (SCE)/ reference electrode. The groove was to allow the 

flow of fluid to these holes to enable measurement of potential across the surface of the metal. 

The electrolytes which are PBS (7.4 pH) and Sodium lactate solution (pH 4 and 2) were made by 
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diluting a 0.1m of hydrochloric acid with 1 gram of sodium lactate powder. The electrochemical 

apparatus was installed on the friction table to monitor friction forces during fretting and 

mounted on the nano tester machine to perform a mechanical-chemical test. 

 

Figure 8: NANOVEA scratch tester with the final set-up before fretting commences 

3.3 Preliminary measurements: roughness (Ra and Rq), 

hardness, elastic modulus, yield strength 
Some preliminary measurements were recorded before electrochemical tests were started. 

This includes the roughness (Ra and Rq), hardness, elastic modulus and yield strength of both 

Ti6Al4V and CoCrMo samples. The roughness of the surface of the metal alloys was obtained 

by performing a linear scan (1mm length and 250μm step size) using the3D Non-Contact Optical 

Profiler Module. The obtained values were run through a MATLAB code to provide the final 

values for the roughness which came out to be 0.04. The hardness, elastic modulus and yield 

strengths were obtained using the NANOVEA hardness tester. The samples were indented using 

a Berkovich diamond tip at a load of 200mN. Below are values for the respective metal alloys 

Table 8: Elastic Modulus and Hardness of Ti6Al4V sample 

Elastic Modulus (Gpa) Hardness (Gpa) 

134 5.07 
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Table 9: Elastic Modulus and Hardness of CoCrMo sample 

Elastic Modulus (Gpa) Hardness (Gpa) 

299.3 5.96 

 

As seen in tables 8 and 9 above, the Cobalt Chromate alloy is superior in mechanical 

properties than the Titanium alloy.  
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Chapter 4: Results and discussion 
  Electrochemical tests during fretting include open circuit potential results and current 

density with applied potential measured during cyclic sliding contacts on both CoCrMo and 

Ti6Al4V surfaces. The results were repeated in different physiological environments. PBS solution 

represents normal healthy body fluid, and sodium lactate solutions with two different pH levels 

represent unhealthy inflammatory environments.  The deteriorated passive film by sliding contact 

causes a significant potential drop to the negative followed by a subsequent increase in anodic 

current. [49]. The measured coefficients of friction are correlated to the electrochemical changes 

including OCP and fretting current density during active mechanical stimuli. This observations 

will illustrate the effect of the physiological environments on the mechanical wear and corrosion 

damage. Therefore, evolution of the potential and current during continuous sliding would explain 

the metal oxidation chemistry of the alloys against wear and corrosion.  

4.1 Fretting Corrosion Test in PBS Electrolyte (pH 7.4): 

 The potential change by reciprocating motion with a constant normal load of 143mN was 

monitored before fretting (dwell), during fretting (active articulations) and after fretting motion 

(recovery) on CoCrMo and Ti-6A-4V. As shown in Figures 9-11, the potential was allowed to 

stabilize for an hour, and then the reciprocating motion using the spherical alumina was applied at 

143mN. There was a significant potential drop on both CoCrMo and Ti6Al4V surfaces due to the 

exposure of metal via a damaged oxide layer to a PBS solution. However, the potential rapidly 

increased instantaneously and gradually increased during continuous fretting motions (Figure 9),  

while the potential of CoCrMo continually decreased until the fretting is ceased (Figure 10). From 

the average potential drop by fretting contact compared in Figure 11, it is evident that the potential 

of Ti6Al4V drops as soon as the slider motion is initiated but spontaneous repassivation occurs 

and the potential is gradually recovered to its original potential at the dwell period while the fretting 

motion of the slider is continued. It is notable that the presence of the electrolyte is beneficial to 

titanium to reform its stable oxide layer. However, during fretting wear on CoCrMo the potential 

continuously drops until sliding motion is ceased. This shows that the mechanical strength of the 

reformed chromium oxide layer may not be comparable to the original passive layer formed in 

ambient. During fretting on CoCrMo surface’s rapid fluctuation in potential shows repetition of 

deterioration-reformation of the oxide layer in PBS[49]. A small potential drop of Ti6Al4V in PBS 
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describes the effect the electrolyte has on the ion oxidation to activate electrochemical reaction in 

the alloy. After fretting stops, CoCrMo surface is rapidly re-passivated while Ti6Al4V was readily 

re-passivated during fretting motion. Therefore, the Ti6Al4V presented desirable oxide chemistry 

that recovers the damaged surface in the PBS electrolyte. 

  

Figure 9: Graph of time vs potential of CoCrMo before fretting, during and after in PBS solution 
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Figure 10: Graph of time vs potential of Ti6Al4V before fretting, during and after in PBS 

solution 

 

Figure 11: Average OCP on Ti6Al4V ELI and CoCrMo in PBS Solution 
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Figure 12: Optical microscope image of alloys in PBS (a) CoCrMo and (b) Ti6Al4V  

 

 Figure 12 illustrates wear mechanism of fretting corrosion in PBS captured using the 

optical microscope. It shows that at the area of contact, the alumina sphere creates grooves parallel 

to the sliding direction with pits of different sizes visible in between these grooves. In Ti6Al4V 

dark grey colored regions represent deep wear tracks producing larger wear debris. These oxide 

flakes are plastically deformed and crushed between interacting surfaces during mechanical action 

and are agglomerated into fretting tracks. The region on CoCrMo represents the nano-sized 

corrosion debris mostly made from abrasion of oxide layer that are continuously formed on 

CoCrMo surface while scratching and removed from its place. CoCrMo undergoes less plastic 

deformation and fretting marks are clearly visible. The pits on both surfaces are smaller and scratch 

is not as deep. For Ti6Al4V the wear track is produced by larger wear particles and the overall 

wear track width is smaller in size due to the three-body wear and subsurface delamination. The 

scratched area also undergoes extensive damage due to shear deformation and plowing of the ball. 

The surrounding of the scratched area where debris particulate is smooth. 

 The potential changes at the onset of fretting and during are summarized in Figures 13-14. 

In the figure, the negative change describes degradation of the oxide layer thereby accelerating the 

anodic reaction (dissolution). As mentioned earlier potential drops are observed on the onset of 

a) b) 
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fretting in CoCrMo followed by a drastic potential drop upon the fretting. The gradual change in 

potential during successive fretting with low potential drop at the onset of fretting leads to 

continuous potential changes on CoCrMo surface. For Ti6Al4V surface the positive change of the 

potential shows that it is responsive to re-passivation, which produces a strong oxide layer that can 

withstand the frictional forces during fretting. Therefore, the tribocorrosion behaviors of Ti6Al4V 

in PBS is clearly superior to CoCrMo surface. 

 

Figure 13: Statistical Analysis of OCP of CoCrMo in PBS (pH7.4) 
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Figure 14: Statistical Analysis of OCP of Ti6Al4V in PBS (pH7.4) 

 

  Changes in the coefficients of friction (CoF) measured during fretting experiment in PBS 

is shown in Figures 15-20. Figures show the ratio between frictional force (tangential force) and 

normal loads during bilateral movement during forward and backward motions of the spherical 

tip. The slider motion was controlled at the same speed and distance during the OCP 

measurements up to 1800 cycles. CoF is closely related to the physical and chemical 

characteristic of the surface as well as the morphology of the surface including roughness and 

grain sizes at the small-scale contact.  

Two different behaviors are observed on CoCrMo surfaces during fretting in PBS, i.e. 

during the early stages of sliding, CoF values increased instantaneously up to 50 mm of 

accumulated sliding distance and gradually increased to 0.8. However, when CoF values began 

with greater than 0.8, CoF gradually decreases and reached to 0.8 at 50 mm reciprocating 

distance.  At the initial stage of contact up to 15 mm of cumulative scratch distance, the CoF 
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values are around 0.6 and then rise up to 0.67 of COF and maintain steadily. If the COF values 

on CoCrMo is as low as 0.5, then COF values gradually increases until it reaches 0.8 on both 

forward and backward motions. The COF value is stable at an almost constant value throughout 

the rest of the test.  In both cases, friction behavior tends to settle to a stable friction process on 

CoCrMo.  

 

Figure 15: CoF plot of CoCrMo measurement in PBS Test 1 
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Figure 16: CoF plot of CoCrMo measurement in PBS Test 2 

 

Figure 17: CoF plot of CoCrMo measurement in PBS Test 3 
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CoF changes on Ti6Al4V surface began with less values of about 0.3 increased to a range 

of 0.5 to 0.6. Ti6Al4V illustrated more stable mechanical response by maintaining the value 

throughout the test. Similar to the results from CoCrMo, the friction process at the high cycles 

presents steady responses. The minor increase in COF for both surfaces suggests locally damaged 

oxide layer may increase adhesive friction. From the micrographic analysis in Figure 12, the effect 

of wear debris on COF evolution is not significant.  

 

Figure 18: CoF plot of Ti6Al4V measurement in PBS Test 1 
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Figure 19:  CoF plot of Ti6Al4V measurement in PBS Test 2 
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Figure 20: CoF plot of Ti6Al4V measurement in PBS Test 3 

Table 10 summarizes the range of CoF values in PBS on both surfaces. Average COF 

values for both metals in PBS are higher compared to COF values from lower acidic levels at 

Lactate pH2 and pH4. 

Table 10: Maximum and Minimum CoF values in PBS 

Material 
CoCrMo Ti6Al4V 

Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 

Forward CoF 0.77 0.66 0.89 0.59 0.53 0.53 

Backward CoF -0.79 -0.85 -0.91 -0.56 -0.57 -0.57 

 

4.2 Fretting Corrosion Test in Sodium Lactate pH 4 Solution: 

 The potential change by reciprocating motion with a constant normal load was monitored 

during fretting on CoCrMo and Ti-6A-4V in a sodium lactate solution. The pH level of the lactate 

solution was adjusted by adding sodium chloride to obtain controlled acidic environment of pH 

4.0. As shown in Figures 21-23, overall fretting corrosion processes in sodium lactate pH 4 

presented similar behaviors in PBS pH 7.4. There was a significant potential drop on CoCrMo and 

a minor drop on Ti6Al4V surfaces due to the exposure of metal via a damaged oxide layer to a 

sodium lactate pH4 solution.  During fretting wear on CoCrMo the potential continuously drops 

until sliding motion is ceased. The potential drop of CoCrMo surface was accelerated up to 5000 

seconds (approximately 1000 cycles) and decelerated in the rest of fretting (Figure 21). However, 

the potential of Ti6Al4V surface instantaneously decreased and maintain the potential values 

throughout the fretting (Figure 22). From the average potential drop by fretting contact compared 

in Figure 23, it is evident that the potential of Ti6Al4V slightly drops as soon as the slider motion 

is initiated but very steady repassivation occurs or the potential is gradually recovered to its 

original potential at the dwell period while the fretting motion of the slider is continued. The direct 

comparison of magnitude of potential drop between CoCrMo and Ti6Al4V clearly describe oxide 

chemistry. It is notable that the presence of the moderate acidic electrolyte with pH 4 is beneficial 

to both surfaces. Especially, it is presumable the fretting corrosion resistance of CoCrMo was 

significantly improved in sodium lactate pH 4. Repassivation of titanium surface also was 
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promoted in both of the initiation (onset) and progressive (active) stages of fretting. This results 

implies that the mechanical strength and rapid regrowth of Ti6Al4V superior to those of CoCrMo. 

The presence of lactate electrolyte improved the repassivation that is faster than metal ion 

dissolutions. After fretting stops, CoCrMo surface is rapidly re-passivated while Ti6Al4V was 

readily re-passivated during fretting motion. Therefore, the Ti6Al4V presented desirable oxide 

chemistry that recovers the damaged surface in the Lactate pH4 electrolyte.  

 

Figure 21: Graph of time vs potential of CoCrMo before fretting, during and after in sodium 

lactate pH4 solution 
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Figure 22: Graph of time vs potential of Ti6Al4V before fretting, during and after in sodium 

lactate pH4 solution 

 

Figure 23: Average OCP on Ti6Al4V and CoCrMo in sodium lactate pH4 Solution 
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Figure 24: Optical microscope images of alloys in sodium lactate pH4. a) CoCrMo b) Ti6Al4V 

 

    Figures 25-26 shows changes in OCP at the onset and active fretting. As discussed, a 

dramatic drop in potential was observed when the fretting contact began on CoCrMo but not as 

significant in Ti6AL4V surface. However, the positive potential change obtained on Ti6Al4V also 

describes the spontaneous re-passivation of titanium oxide even during fretting. The oxidation 

chemistry on both surfaces triggered by fretting is less sensitive compared to PBS environment.  

a) CoCrMo b) Ti6Al4V 
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Figure 25: Statistical Analysis of OCP of CoCrMo Lactate pH4 
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Figure 26: Statistical Analysis of OCP of Ti6Al4V Lactate pH4 

 

However, friction responses are significantly modified with a change in 

environment/electrolyte as can be seen in figure 27-32. CoF values on CoCrMo reached a steady 

level of CoF, at about 0.5 though it was low to begin with in some instances.  Throughout the 

entire fretting process, CoF values on CoCrMo is very stable and almost constant. This stable CoF 

values may be well explained by the micromorphology of wear damage. The nano debris 

progressively produced by fretting without complete spalling of breakage of the oxide layer. 

However, the stable CoF changes on Ti6AL4V is because of almost little to no delamination wear 

by fretting. Changes in OCP and CoF during microcracking is invisible. It is evident the fretting 

cycles at OCP drops is simultaneous with COF changes.  
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Figure 27: CoF plot of CoCrMo measurement in Lactate pH 4 Test 1 

 

Figure 28: CoF plot of CoCrMo measurement in Lactate pH 4 Test 2  
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Figure 29: CoF plot of CoCrMo measurement in Lactate pH 4 Test 3 

 

Figure 30: CoF plot of Ti6Al4V measurement in Lactate pH 4 Test 1 

 

0 100 200 300 400 500 600 700
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Position (mm)

C
oe

ffi
ci

en
t o

f F
ric

tio
n

Coefficient of Friction of CoCrMo in ph4 during fretting Test 3

0 100 200 300 400 500 600 700 800
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Position (mm)

C
oe

ffi
ci

en
t o

f F
ric

tio
n

Coefficient of Friction of Ti-6Al-4V in ph4 during fretting test 1



61 
 

 

Figure 31: CoF plot of Ti6Al4V measurement in Lactate pH 4 Test 2 

 

Figure 32: CoF plot of Ti6Al4V measurement in Lactate pH 4 Test 3 

0 100 200 300 400 500 600 700 800
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Position (mm)

C
oe

ffi
ci

en
t o

f F
ric

tio
n

Coefficient of Friction of Ti-6Al-4V in ph4 during fretting test 2

0 100 200 300 400 500 600 700 800
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Position (mm)

C
oe

ffi
ci

en
t o

f F
ric

tio
n

Coefficient of Friction of Ti-6Al-4V in ph4 during fretting test 3



62 
 

Table 11 shows the maximum and minimum values of CoF on the surface of the alloys 

during fretting in lactate pH4 solution. CoF values for both metals were high on the average in 

CoCrMo but lower in Ti6Al4V. 

Table 11: Maximum and Minimum COF values in Lactate pH4 solution 

Material CoCrMo Ti6Al4V ELI 

Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 

Forward COF 0.51 0.58 0.37 0.64 0.27 0.41 

Backward COF -0.46 -0.52 -0.38 -0.68 -0.31 -0.42 

 

4.3 Fretting Corrosion Test in Sodium Lactate pH 2 Solution: 

 The potential change by reciprocating motion with a constant normal load of 143mN was 

monitored before fretting (dwell), during fretting (active articulations) and after fretting motion 

(recovery) on CoCrMo and Ti-6A-4V. As shown in Figures 33-35, the potential was allowed to 

stabilize for an hour, and then the reciprocating motion using the spherical alumina was applied at 

143mN. There was a significant potential drops on CoCrMo and Ti6Al4V surfaces due to the 

exposure of metal via a damaged oxide layer to a Lactate pH4 solution. However, the potential 

rapidly increased instantaneously and gradually increased during continuous fretting motions 

(Figure 33),  while the potential of CoCrMo continually decreased until the fretting is ceased 

(Figure 34) that of Ti6Al4V instantaneously recovered during fretting. From the average potential 

drop by fretting contact compared in Figure 23, it is evident that the potential of Ti6Al4V 

significantly drops as soon as the slider motion is initiated but a spontaneous repassivation occurs 

and the potential is gradually recovered but not to its original potential as evident in PBS and 

Lactate pH4 at the dwell period while the fretting motion of the slider is continued. It is notable 

that the presence of the electrolyte is not as beneficial to titanium to reform its stable oxide layer 

compared to PBS and Lactate pH4. However, during fretting wear on CoCrMo the potential 

continuously drops until sliding motion is ceased after which it recovers at the halt of fretting. This 

shows that the mechanical strength of the reformed chromium oxide layer may not be comparable 

to the original passive layer formed in ambient. During fretting on CoCrMo surface’s rapid 

fluctuation in potential shows repetition of deterioration-reformation of the oxide layer in Lactate 

pH2 [49]. A significant potential drop of Ti6Al4V in Lactate pH2 describes the effect the 
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electrolyte has on the ion oxidation to activate electrochemical reaction in the alloy. After fretting 

stops, CoCrMo surface is rapidly re-passivated while Ti6Al4V was readily re-passivated during 

fretting motion. Therefore, the Ti6Al4V presented desirable oxide chemistry that recovers the 

damaged surface in the Lactate pH4 electrolyte. 

 

Figure 33: Graph of time vs potential of CoCrMo before fretting, during and after in Lactate 

pH2 solution 
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Figure 34: Graph of time vs potential of Ti6Al4V before fretting, during and after in Lactate 

pH2 solution 
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Figure 35: Average OCP on Ti6Al4V and CoCrMo in Lactate pH2 Solution 

 

Figure 36: Optical microscope image of alloys in sodium lactate pH2 a) CoCrMo b) Ti6Al4V 

 



66 
 

The micro-morphologies on the damaged area by fretting in pH2 are different from those 

from fretting contact PBS. Especially, Ti6Al4V surface illustrated wear tracks by metal surface 

abrasion and largescale plastic strains. Wear damages on CoCrMo presents pile-up of nano 

debris mainly produced from progressive plowing of the oxide layer. Dark areas with 

undulations of grooves at Ti6Al4V are found, while the wear trench of CoCrMo is surrounded by 

small metal oxide wear particles. The wear of CoCrMo represents the corrosion debris composed 

mostly of oxide particles that are continuously formed on surface while scratching and removed 

from its place. The wear flakes produced by fatigue contact on Ti6Al4V surface would be 

crushed at the subsequent sliding contacts and amassed into fretting tracks. These oxide flakes 

are often removed from the contacting surface as the ball plows metal from Ti6Al4V. Due to this 

there are few more potential drops during OCP measurements. In CoCrMo less plastic 

deformation occurs leaving fretting marks are more visible.  Changes in OCP at the onset of 

fretting and during fretting are summarized in figures 37-38.  OCP drops on both CoCrMo and 

Ti6Al4V are significant when the fretting contact is initiated. However, the capability of oxide 

layer reformation on Ti6Al4V is much superior to that of CoCrMo during active sliding contact 

as evident by the positive potential values. The positive change in Ti6Al4V shows the degree of 

active re-passivation in lactate solution.  
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Figure 37: Statistical Analysis of OCP of CoCrMo in Lactate (pH2)  
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    Figure 38: Statistical Analysis of OCP of Ti6Al4V in Lactate pH2  

 

During its cumulated sliding distance, CoF values rapidly increase up to 0.3 in the early 

250 cycles and then progressively stay stable during the entire fretting process as can be seen in 
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response, while later fretting cycles the recovered oxide layer stabilizes the tribological response 

of the Ti6Al4V surface.  

 

Figure 39: CoF plot of CoCrMo measurement in Lactate pH2 Test 1 
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Figure 40: CoF plot of CoCrMo measurement in Lactate pH2 Test 2 

 

Figure 41: CoF plot of CoCrMo measurement in Lactate pH 2 Test 3 
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Figure 42: CoF plot of Ti6Al4V measurement in Lactate pH 2 Test 1 

 

 

Figure 43: CoF plot of Ti6Al4V measurement in Lactate pH 2 Test 2 
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Figure 44: CoF plot of Ti6Al4V measurement in Lactate pH 2 Test 3 
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Figure 45: Overall Average Forward CoF of Ti-6Al4V and CoCrMo in PBS (pH7.4), Lactate 

(pH4 and pH2)  

 

Figure 46: Overall Average Backward CoF of Ti-6Al4V and CoCrMo in PBS (pH7.4), Lactate 

(pH4 and pH2) 
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4.4 Potentiostatic Polarization 

Potentiostatic Polarization tests were performed at three potential voltages at -0.6, 0.0, and 

+0.6 V in all three inflammatory environments on both alloys during fretting contact using the 

parameters as explained in the experimental procedure. Figure 47 is a representation of current 

density change against potentials applied to CoCrMo in PBS and Lactate pH4 during fretting 

contact. During the test, the current was allowed to stabilize at values known as baseline current 

density (up to 900 seconds before fretting began). The baseline current is dependent on the surface 

condition of the alloy during the time of test and the electrolyte. The current values change from 

negative to positive when applied potentials from negative to positive. However, the current does 

not change in Lactate pH4 but in PBS it does during fretting throughout the test period.  Therefore, 

the PBS solution induces a significant oxidation oxidation of ions on CoCrMo surface at the given 

voltage (0.6V). This result is in accordance with the micromorphology of the damaged area as 

illustrated in Figure 12. 
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Figure 47: Potentiostatic Polarization of CoCrMo and Ti6Al4V in PBS at 0, 0.45, 0.6, -0.45 and 

-0.6V 

 

0 500 1000 1500 2000 2500 3000 3500 4000
-1

0

1
x 10

-6

Time(s)

C
ur

re
nt

(A
)

Potentiostatic Polarization of CoCrMo and Ti6Al4V in PBS

 

 

CoCrMo 0V
Ti64 0V

0 500 1000 1500 2000 2500 3000 3500 4000
0

1

2

3
x 10

-6

Time(s)

C
ur

re
nt

(A
)

Potentiostatic Polarization of CoCrMo and Ti6Al4V in PBS

 

 
CoCrMo 0.45V
Ti64 0.45V

0 500 1000 1500 2000 2500 3000 3500 4000
0

1

2

3
x 10

-6

Time(s)

C
ur

re
nt

(A
)

Potentiostatic Polarization of CoCrMo and Ti6Al4V in PBS

 

 
CoCrMo 0.6V
Ti64 0.6V

0 1000 2000 3000 4000 5000 6000
-5

0

5
x 10

-6

Time(s)

C
ur

re
nt

(A
)

Potentiostatic Polarization of CoCrMo and Ti6Al4V in PBS

 

 

CoCrMo -0.45V
Ti64 -0.45V

0 500 1000 1500 2000 2500 3000 3500 4000
-2

0

2

4
x 10

-5

Time(s)

C
ur

re
nt

(A
)

Potentiostatic Polarization of CoCrMo and Ti6Al4V in PBS

 

 
CoCrMo -0.6V
Ti64 -0.6V



76 
 

 

Figure 48: Potentiostatic Polarization of CoCrMo and Ti6Al4V in Sodium Lactate pH4 at 0, 

0.45, 0.6, -0.45 and -0.6V 
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Figure 49: Potentiostatic Polarization of CoCrMo and Ti6Al4V in Lactate pH2 at 0, 0.6 and -

0.6V 
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Figure 50: Statistical Analysis of Potentiostatic Test on CoCrMo 
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Figure 51: Statistical Analysis of Potentiostatic Test on Ti6Al4V 

A series of current density measurement was performed on Ti6Al4V at potential values 0, 

0.45, 0.6, -0.45 and 0.6V. All the results presented in Figures 47-49 show no current change at all 

potentials and electrolytes. The results prove that the oxidation chemistry of titanium is not 

sensitive against electrochemical or mechanical stimuli. It may conclude Ti6Al4V implants would 

be superior in tribocorrosion damage process. 

Current density evolution of two surfaces as a function of applied potentials is 

summarized in Figures 50-51 represents. A statistical representation of Potentiostatic illustrated 

the active metal dissolution takes place on CoCrMo surface with the significant increase in 

current in both sodium lactate pH2 and PBS at and while the electrochemical response of 

Ti6Al4V would be stable in the mechanical and chemical combinations.  

 

 



80 
 

Chapter 5: Conclusion 
In conclusion, this study investigated two commonly used metallic hip implant materials 

in simulated synovial environments to compare the effects of variable chemical environments on 

wear mechanism of two different metal alloys. This investigation was carried out using two 

methods; Potentiostatic polarization and open circuit potential measurements using a 

nanoindenter-based wear test combined with a potentiostat device. Experimental results 

illustrated that during fretting, there is a gradual drop in the potential of the CoCrMo alloy which 

signifies depletion of the chromium oxide layer until fretting ceases. After fretting the potential 

rapidly increased which implies the protective metal oxide layer was quickly regained. The 

results on Ti6Al4V, there is a significant potential drop followed by an almost immediate 

recovery of its oxide layer even during the continuous fretting motions. This result described 

spontaneous improvement of titanium oxide layer against mechanical and electrochemical 

stimuli.   

Mechanical responses were monitored by observing changes in CoF values throughout 

fretting tests. CoCrMo surface showed greater CoF values and their variations, while Ti6Al4V 

less CoF values as well as more stable friction forces applied during fretting in PBS solution. In 

sodium lactate with both pH 4 and pH 2 conditions, the CoF values for both of the CoCrMo and 

Ti6Al4V surfaces were significantly reduced. However, Ti6Al4V surface presented the less 

sensitivity of CoF against pH levels in acidic conditions: the average CoF values on Ti6Al4V are 

almost identical in both pH 4 and pH 2 sodium lactate environments, while CoF values on 

CoCrMo reduces with the degree of acidity. This wear process would be explained that the 

nanoscale abrasion of chromium oxide layer increased CoF values. The less CoF values of 

Ti6Al4V would be explained by the OCP changes: the protective oxide layer was rapidly 

recovered even during active fretting attacks. The reformed hard titanium oxide reduces CoF 

values. Furthermore, this also proves that during fretting, the synovial environment plays a vital 

role in tribological responses on CoCrMo implants and the progressive re-passivation on 

Ti6Al4V stabilizes the tribological response during fretting attacks. 
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Figure 52: The Tribocorrosion process on metallic implant surface 

The potentiostatic polarization test results of the CoCrMo alloy illustrated significant 

changes in its current in PBS and sodium lactate pH 2 electrolyte, while in Ti6Al4V fretting 

current change was not clear. This may imply the increase in ion concentration in the electrolyte 

from the dissolution of ions on the surface of the metal during fretting. Figure 48 summarizes the 

tribocorrosion process on the surface of the metal. Consequently, the dominant wear mechanisms 
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would be oxide layer abrasion of CoCrMo versus delamination wear of Ti6Al4V. The 

mechanical energy by fretting contact was consumed by oxide layer abrasion on CoCrMo, while 

the greater plastic strain on Ti6Al4V accelerates repassivation to protect the surface against 

subsequent electrochemical dissolutions. 

Therefore, the Ti6Al4V alloy is superior in terms of tribocorrosion as compared to the 

CoCrMo alloy even though CoCrMo has superior mechanical strengths. To conclude, Ti6Al4V 

is a better implant material than CoCrMo alloy.  

This thesis aided in answering some question regarding the tribocorrosion of two most 

commonly used metal alloys in the biomedical department. It also helped answer questions 

regarding which is less harmful to the human body but it is imperative that further research is 

done to further support the above conclusions. Listed below are a few; 

 Conducting the experiments in a more alkaline region thus in this case an alcoholic 

patient with a hip implant. 

 Increasing testing time, scratch length and speed. Increase in speed will mean the rate of 

deterioration in an athlete.  

 Use of confocal imaging to better capture the wear rate of the metal under fretting. 

 Use of other electrochemical tests such as Potentiodynamic Polarization.  
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