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Abstract 

The annual rise of hip procedures occurring year upon year is a major concern, 

especially with revision rates increasing. There is need for improvements for 

orthopaedic materials to compensate for this problem with higher success rates in the 

long term. The main failure of current metallic materials used in hip replacement 

devices is due to wear and the metallic ions being leached out. Cobalt-based alloys 

are one of the best bearing surface materials used in hip replacement, however, a 

better understanding of the microstructure and mechanical properties is required to 

enhance its properties and also the need for new fabrication techniques to be 

explored to develop materials that can reduce the number of revision surgeries. The 

most common cobalt based alloy (F75) used in orthopaedics is investigated and a 

novel route to manufacture the alloy is conducted. Heat treatments via annealing and 

normalising are analysed. In the annealed alloy up to 1100°C there is an increase in 

hardness and carbide content. Above this temperature, there is a significant decrease 

in both properties due to carbide dissolution. XRD analysis identifies the phases 

present and how they varied with temperature. The production of the F75 alloy via 

spark plasma sintering has yielded an alloy with carbide free microstructures. The 

grains are finer than the conventional methods of fabrication (cast and wrought) and 

the hardness is significantly higher even in the absence of the carbides. The hardness 

has been attributed to the formation of oxide phases within the microstructure and 

chromium and molybdenum rich phases that act as solid solution hardeners. The 

oxide in the microstructure is identified as chromium oxide formed by a redox 

reaction between cobalt oxide found on the surface of cobalt particles and 

chromium. Tribological performance has been investigated upon this newly 

manufactured alloy (SPS alloy) against two commercial medical grade cobalt based 

alloys (F75 and F1537) used in hip replacement devices. The SPS alloy had higher 

hardness, which resulted in the lowest wear rate and friction coefficient, with lower 

amounts of chromium and molybdenum detected from the wear debris compared to 

the F75 and F1537 alloys. The wear debris size and size distribution generated from 

the SPS alloy were very small and the shape was more spherical. The element 

leaching is conducted upon these alloys, with the SPS alloy forming an oxide layer 

upon the surface that could be beneficial for limiting ion leaching and for 

tribological performance. 
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Chapter 1  

Introduction and Background 

 

 

1.1 Background 

Hip replacement devices are one of the most implanted devices in the human 

system. The first ever total hip replacement device was implanted by Philip 

Wiles in 1937 using stainless steel [Wiles 1957]. McKee and Watson-Farrar 

modified a Thompson stem with a metal-on-metal (MoM) articulation in the 

1950s and Ring also used the same concept for his designs [Mckee & Watson-

Farrar 1966; Ring 1971]. In 1960, the MoM combinations were rejected in 

favour of a metal-on-plastic device by John Charnley [Charnley 1960]. He 

successfully implanted a stainless steel cemented stem with a Teflon 

acetabular cup fixed via screw and cement, which was a low friction 

artroplasty for the hip [Charnley 1969]. Due to the major failure of the plastic 

components due to their particles leading to osteolysis, the metal-on-metal 

combinations were reintroduced and have been used ever since, with excellent 

success rates. However, due to the concerns of metallic ions being leached 

from the implants, ceramic materials were introduced as an alternative. These 

ceramic materials, have very low wear rates and excellent friction coefficients 

however, their brittle property is still a major concern as sudden fractures can 

be very problematic, especially in the hip area. 

 

Over the last year (2010/2011), there have been about 180,000 operations for 

joint replacement reported in England and Wales [NJR 2011]. For the 

previous years (2008-2010), the number of operations were 159,003 

(2008/09) and 163,219 (2009/10), indicating that the number of joint 

replacement operations are still on the rise. Of those 180,000 operations, 

87,038 were hip operations and this has increased from 79,036 operations the 

previous year (2009/10). The number of revisions is also on the rise, previous 
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year (2009/10) there were 8,285 revisions and this year (2010/11) there were 

9200 revisions. This shows that hip replacement devices are still being needed 

and used extensively. Over the next three decades, the number of hip 

replacement is set to rise by 40% [Birrell et al. 1999].  

 

As the statistics show the number of hip replacement devices is on the rise 

year upon year. There seems to be an overwhelming problem with the region 

of the hip and/or having these devices being revised (meaning secondary 

operations are being required to fix the problems of failed primary devices). 

The cost of hip replacement operations nowadays is between £7,500 and 

£13,450 [Private Healthcare UK, 2011]. In 1995, the estimated cost of the 

operation was between £200 and £2000 [Murray et al. 1995]. This major rise 

can be seen as a major burden upon the National Health Service. With the cost 

of hip replacement surgery being so high and the devices not lasting as long, 

there seems a fundamental problem that needs assessing for long term 

satisfaction from patients and surgeons for these devices. With the industry 

estimated to be worth US$5.7 billion per annum worldwide, it can be seen as 

a very lucrative medical market [Philipson et al. 2005]. 

 

Market leaders: Zimmer, Depuy, Stryker, Biomet and Smith & Nephew show 

a larger interest in financial attributes as indicated by their large revenues and 

profits rather than providing the patients with suitable hip replacement 

devices, for example Depuy, a subsidiary of Johnson and Johnson, had a 

major recall of their articular surface replacement (ASR) systems in August 

2010 [Athavaley 2012]. The company denied that the product used in the 

market since 2003 were showing signs in patients of pain and disability. The 

product was causing various problems, the metallic debris led to tissue 

reactions near the hip joint. The ions released from the product were found in 

the blood and cerebral spinal fluid [FDA 2011]. Depuy had sold more than 

93,000 products across many countries and has cost them dearly to clean up 

the mess. However, this is not the first recall, in the late 1990s, 3M Capital 
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Hip had a major recall, causing the European device regulation to act, and an 

investigation was conducted by Lord Hunt, the health minister [Muirhead-

Allwood 1998; MHRA 2001]. But it seems the same mistakes have happened 

again.  

 

The ASR resurfacing system was approved for the European market, however 

the US denied approval. For the European market, the products were only 

really tested through hip simulators, not via clinical trials, due to the products 

classing as a IIb device, which does not require patient testing for market 

approval. The simulator tests evaluated the wear over time, the materials used 

in the device and device strength. These results seemed adequate for the 

European Union standards.  But studies upon the ASR, had showed problems 

early in implanted patients within two years [Langton et al. 2010]. In the US, 

the FDA, asked for clinical studies called an investigational device exception. 

The fracture rate of the devices in the study was higher than the recommend 

rate of 1% per year [Shimmin 2005]. One study of a two year follow up had a 

fracture rate of 4.9% and a low success rate in women [Haute Authorite de 

Sante 2008]. This promoted the FDA to ban the use however some surgeons 

were using the product regardless of the dangers. The recall of this devices 

was based a upon the higher failure rates of 12% within the first 4 years 

[Cohen 2011]. However, revision of this device is more difficult as the joint is 

completely destroyed and the risks involved to the patient of undergoing 

operation and the success rate of the new implant are very high 

[Grammatopolous et al. 2009]. 

 

There is also another problem that is causing major concern to the industry, 

the use of large head MoM implants. The use of large heads has been 

proposed as a method of combating dislocation of the device. However, this 

causes corrosion at the interface between the head and stem. A study, of 144 

patients with a two year follow-up showed an increase in the metallic ion 

levels in the large head range manufactured by Zimmer, Biomet, DePuy, and 
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Smith and Nephew [Lavigne et al. 2011]. The use of these larger heads have 

shown to increase the failure rates with 21% revision rates in 4 years to 49% 

revision rates in 6 years [Cohen 2011]. This is a major concern as the design 

developments in the industry seem to cause more problems rather than solve 

issues. 

 

The hip joint is used for both mobility and stability, therefore is essential for 

functioning for the patient. The need for the function to be restored is a 

necessity and to provide better long term solutions for the various hip diseases 

is becoming more serious. The most common bone disease is arthritis and 

with older generation having this disease causing pain and discomfort the only 

solution at the present time is the hip joint being replaced with artificial 

material.  

 

There has been a revived interest in MoM hip replacements over the past 20 

years [Dumbleton & Manley 2005].  The materials used in the hip 

replacement devices, first and foremost need to be classified as a biomaterial 

and fulfil the criteria, to ensure there are no foreign body reactions taking 

place within the body that causes further problems. They also need to 

replicate the original function of the intended replacement, i.e. the hip. The 

hip’s main function is for stability and providing motion to the body.   

 

Hip replacement devices, as pointed out predominantly consist of traditional 

metallic materials. Nowadays, the materials used in hip replacement devices 

have grown and now all classes of materials are used in various sections of the 

implant [Davis 2003]. These materials in the initial stages showed much 

promise, but as history has passed the materials are showing signs of failure 

and need revaluating, assessing and critically innovating. The statistics are 

showing that an urgent need is required to make significant improvements to 

the current materials being used in the human body. 
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The materials used as mentioned began with stainless steel, with polymer 

liners. As the polymer debris was causing major problems to the surrounding 

tissues, materials reverted back to a MoM approach to eliminate the polymer. 

The bearing surface area, which is the region between the actebular cup and 

femoral head, showed the most amounts of failures and/or the reasons of other 

failures were linked with debris formed from this area. Therefore, isolating 

and improving the failure in this region was the most important factor for 

improvements in longevity of the devices. As history continued, titanium and 

its alloys were developed to be used as bearing surface materials, as there 

were known to have a lower Young’s modulus, which limited stress shielding 

and also that had excellent osteointergration ability. However, due to its low 

shear modulus these alloys were deemed to be problem in areas of high wear. 

The next material used was cobalt-based alloys, imported from aerospace 

engineering, where they were used in high temperature resistance, corrosion 

resistance and wear resistance environments with successful effects [Morral 

1966; Scales 1971].  Within the hip replacement environment they seemed an 

excellent choice and have remained an excellent choice ever since, even when 

ceramic materials were introduced as an alternative [Sieber et al. 1999]. 

 

As with all metals, the properties of the alloy are related to their 

microstructure and this is related to their processing techniques. For cobalt 

based alloys two processing techniques have been used to manufacture the 

alloy, these are cast and wrought. An alternative method to fabrication of the 

alloys is powder processing. This technique uses powders to be fused together 

via sintering and has shown to significantly improve the properties of the 

alloys.  

 

The powder processing technique has significant advantages over 

conventional manufacturing: 
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 The whole production can be controlled: The manufacturing process can 

be controlled at each step, enabling more reproducibility 

 

 Competitive characteristics can be regulated: certain characteristics from 

certain phases can be produced as the various parameters are controllable 

increasing the opportunity of these characteristics to form regularly. 

 

 Any desirable shape can be produced: the powder is compacted into a set 

die; the die can be made into the desired shape or close to the shape. This 

reduces the costs of machining and finishing and enables complex shapes 

to be produced. 

 

 Wider range of products can be made: as the die set can be reused, more 

products can be made and using different materials a range of products can 

be made increasing the scope of the technique. 

 

 Fabrication of components that would otherwise decompose or 

disintegrate: some materials have distinctive decomposition temperatures 

and some induce phase changes through the cooling or heating process. By 

regulating the process, these components will remain or can be formed 

which can lead to enhanced properties. 

 

The other major concern in the hip replacement industry is the release of 

metallic ions from the MoM hip replacement devices. As with all metals over 

time, metal ions get leached out depending upon the environment they are 

placed in. 

 

For cobalt based orthopaedic alloys, there has been an increase in attention in 

the metallic ions being leached out during function as it has been suggested 

that they cause adverse effects to the surrounding areas in the hip. Compared 

to other combinations, the MoM bearings usually generate relatively low 
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wear.  In the early metallic materials, studies of hip replacement devices 

implanted and followed up with serum and urine metal levels showed that 

chromium and cobalt levels very up to 9 times higher than normal levels in 

serum [Jacobs et al. 1996].  In the urine minute levels of chromium above 

normal were obtained. Since the evaluated levels, the next generation hip 

replacement devices had serum, blood and urine level monitored constantly, 

but still similar levels were being generated [Schaffer et al. 1999; Bronder et 

al. 1997, Lhotka et al. 2003]. The metal levels were measured using atomic 

absorption spectroscopy or inductively coupled plasma mass spectroscopy. 

 

Metal particles produced from the MoM debris are very small, typically 

<0.05µm [Doorn et al. 1998]. This is much smaller than the polyethylene 

particles and so below the highest macrophage activation level (0.2-0.81µm), 

however osteolytic response have been known to occur [Ingham & Fisher 

2000; Schmalzried 1999]. As the particles are small they have a tendency to 

travel into tissues nearby and have also been found in the liver, spleen and 

lymph nodes [Urban et al. 2000]. Cobalt based alloy particles have been 

known to be toxic to macrophages, effect osteoblast cells which cause bone 

formation and corrosion products such as chromium orthophosphate cause 

bone resorption leading to osteolysis [Haynes et al. 1993; Allen et al. 1997; 

Urban 1994; Lee et al. 1997]. 

 

Metallic materials have been known to be sensitive in certain people, with 

around 15% of the population being dermal hypersensitive to metals [Jacobs 

et al. 2000].  In the MoM devices there has been sensitivity to some of the 

alloy constituents, however testing for this sensitivity has been difficult 

[Evans et al. 1974; Hallab et al. 2001].  The issue of hypersensitivity has not 

shown significant evidence to indicate that it has effects on the longevity or 

performance of these implants [Willert 2005]. 
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The risk of metallic ions or particles inducing the formation of cancerous 

tissue is a major problem. Even though no significant proof has been shown, 

suggestion have been made that the metallic ions cause cancer and other 

adverse effects to surrounding tissues. Cobalt and nickel are classified as 

carcinogens by the International Agency for Research into Cancer, however 

orthopaedic implants are not classified [IRAC 1999]. Some studies have 

indicated that cancerous tissues have formed as a result of having hip 

replacement devices in place, however many of these implants fail due to 

other various factors [Tharani et al. 2001; Visuri 1996; Visuri 1987]. 

 

New routes to manufacture cobalt based alloys with desirable properties need 

to be investigated. Objectives need to be formulated to be able to achieve this 

aim. 

 

1.2 Objectives of Research 

This section outlines the objectives of the research devised for the aims of the 

project. 

 

1.2.1 Processing, Microstructure and Phase Analysis 

1.2.1.1 Currently used cobalt based alloys in hip replacement devices 

The first objective is to analyse the current cobalt based alloys used in hip 

replacement devices. As all cobalt-based alloys are different and with 

different compositions of elements used, this results in different properties 

exhibited. Therefore, analysing a current cobalt orthopaedic alloy for its 

microstructure and phase analysis will enable an understanding of the 

structures in the microstructure and phases present which can establish the 

behaviour of the alloy. These cobalt based alloys are known to be affected by 

heat treatment and a study to determine the effects of the treatment under 

different cooling conditions could enable an improved understanding of the 

alloys. Annealing and Normalising are two treatments that can be investigated 

to determine its effects on the microstructure, phases and carbide content.   
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1.2.1.2 Sintering of powders using Spark Plasma Sintering 

The second objective is to investigate a new method of manufacturing the 

cobalt based alloys. Many different techniques have been suggested, but 

electric assisted current sintering, especially Spark Plasma Sintering (SPS) has 

shown to significant improve properties in alloys over other conventional 

sintering techniques. The most common form of the cobalt-based alloy is the 

ASTM F75, and has widespread approval as a composition for orthopaedic 

alloys. Therefore, the F75 composition will be chosen to be fabricated via SPS 

to determine its properties for hip replacement devices. The feasibility of 

sintering technique in terms of producing a fully dense alloy needs to be 

assessed, as many sintering technique produce materials with some porosity 

present which requires additional processing to remove. The resultant 

microstructure and phase analysis of the spark plasma sintering needs to be 

evaluated, as this can give an indication of the behaviour of the alloy in terms 

of its properties. 

 

1.2.1.3 Evolution of the SPS microstructure 

The development of microstructure from the processing point of view is very 

critical to determine how the alloy is produced and the resultant properties. 

Therefore, analysing how the microstructure has developed through the 

processing route of SPS will enable  a greater understanding of this alloy and 

its relationship to its properties. 

 

1.2.1.4 Commercial grade orthopaedic alloys 

Conventional manufactured orthopaedics alloys via cast (ASTM F75) and 

wrought (ASTM F1537) methods are investigated for their microstructure and 

phase analysis. Cobalt based alloys are usually only manufactured via these 

two routes for orthopaedics and determining what structures and phases are 

present will enable an understanding of the properties of the alloys. 
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1.2.2 Properties 

The third objective is to evaluate the properties of these alloys modified by 

heat treatment and the different processing routes adopted to fabricate the 

cobalt based orthopaedic alloys. 

 

1.2.2.1 Heat Treatment 

The hardness of the two heat treated alloys are investigated to determine the 

effects of the cooling methods. Hardness will give an indication of the wear 

resistant of the alloy and how it can be improved by heat treatment. 

 

1.2.2.2 SPS alloy  

The hardness and grain size of the SPS compacts are evaluated to determine 

the strengths of the newly formed alloy. The chromium oxide content has also 

been measured as this is known to be the hardest phase in the alloy and its 

influence on the hardness of the SPS alloy is determined. 

 

1.2.2.3 Tribological Performance 

The tribological performance of the SPS alloy, F75 and F1537 alloys are 

evaluated to determine the strengths of the powder processed alloys against 

the conventional manufactured alloys. The initial hardness, micro- and nano-, 

will be tested to give an indication of the strength of the alloys in terms of 

wear. The amount of material loss, wear rate, friction coefficient, wear track 

and wear track profiles of the three alloys will be determined to assess the 

performance of the alloy. The tribological performance is a major factor for 

hip replacement devices, as having the ability to increase the wear resistance 

enables a more successful implant in the long term. 

 

1.2.2.4 Wear Particles 

The wear particles generated from the tribological performance testing are 

gathered and analysed for their size, size distribution, shape and elemental 

content. Particles generated during wear form in different sizes and shapes 
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and this determines how the body may react to the particles. The composition 

of the particles is a key factor in the reactions of biological molecules as 

certain ions are known to leach out and cause major problems to surrounding 

tissues. 

 

1.2.2.5 Metal element leaching 

The fourth objective will be to assess the metal elements that leach out of the 

alloy. These cobalt based alloys have been known to leach metal ions out of 

the alloy into the human body, assessing the three alloys used in the 

tribological performance tests for metal elemental leaching will determine 

what elements are being leached out. The microstructure of the alloys will be 

assessed to determine the effects of the metal element leaching study. 

 

1.3 Structure of thesis 

This section outlines the structure of the thesis and what is being presented 

within each chapter. 

 

Chapter 1: the debriefing of the project, an introduction and background of 

the work and the purpose of the project being undertaken are outlined. 

Objectives drawn up to evaluate how the aim of the project can be achieved. 

Finally a detailed description of the structure of the thesis. 

 

Chapter 2: An extensive review of the literature is conducted. The aim of the 

research is to investigate new methods of fabricating cobalt based alloys for 

orthopaedics, a collection of literature has been surveyed to understand the 

powder processing and the methods that can be used to sinter alloys. A 

relevant literature on the topic of orthopaedics and hip replacement devices 

has been constructed focusing upon the hip, the related diseases in the joint, 

treatment of those diseases, the materials used in hip replacement devices, 

specifically focusing on cobalt based alloys and their current manufacturing 

methods, alternative manufacturing techniques, coupling of materials used in 
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bearing surfaces, failure of the devices, the mechanism of ions leached from 

the alloys and research carried out to improve the properties of cobalt based 

orthopaedic alloys. 

 

Chapter 3: describes the materials used and their characteristics, the 

equipment used and their capabilities and the experimental methods used to 

obtain results to evaluate the objectives. 

 

Chapter 4: describes results obtained to evaluate the first and second 

objective. The Chapter is split into four sections: Section 4.1: describes the 

current cobalt based alloy used in hip replacement devices. The 

microstructure of the alloy and the compositional analysis is undertaken to 

determine which grade of alloy is used. Heat treatment is performed upon the 

alloy to determine how the microstructure and phases present react to the 

addition of heat with two different cooling methods. Section 4.2: describes an 

alternative powder processing technique to produce orthopaedic alloys. A 

superior manufacturing technique, namely spark plasma sintering is used to 

fabricate the ASTM F75 composition into a fully dense alloy. The resultant 

microstructure and phase analysis are evaluated. Section 4.3: describes how 

the microstructure has formed using SPS and how the phases present benefit 

the alloy it terms of its application. Chromium oxide rich phases have formed 

within the microstructure and the formation of this phase and other phases are 

explained through a mechanism produced via the SPS system. Section 4.4: 

describes the microstructure and phase analysis of two conventional 

manufactured orthopaedic alloys which will be used in tribological 

performance testing. 

 

Chapter 5: describes results obtained to evaluate the third and fourth 

objectives. This Chapter is split into five sections. Section 5.1: describes the 

effects of heat treatment on the hardness of the orthopaedic alloys. Annealed 

and Normalised heat treatment methods investigated in Section 4.2 are 
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evaluated for their hardness property to determine its effects. Section 5.2: 

describes the hardness and grain size properties of the powder processed alloy 

formed in Chapter 4. The properties of the newly formed alloy are evaluated 

and compared to the conventionally manufactured orthopaedic alloys. Section 

5.3: describes the tribological performance of commercial used orthopaedic 

alloys and the powder processed alloy developed in Chapter 4. The three 

alloys are evaluated for their initial hardness, material loss, wear rates and 

friction coefficient, wear track and wear track profile. Section 5.4: describes 

the wear particle generated from Section 5.3. The wear particles are analysed 

for their size, size distribution, shape and elemental analysis. Section 5.5: 

describes the metal element leaching studies conducted to determine the 

elements that leach out of the three alloys used in Section 5.3. The alloys are 

evaluated for their metal leached elemental content, their microstructure after 

leaching and their microstructural element composition after leaching. 

 

Chapter 6: describes the conclusions drawn up for the results obtained from 

Chapter 4 and Chapter 5 and the future scope of this work is detailed here. 

 

References used throughout the thesis are detailed at the end of the thesis.
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Chapter 2  

Literature Review 

 

 

2.1 Introduction 

The objective of this research is to attempt to manufacture cobalt based alloys 

using an alternative fabrication method to produce materials with significant 

improvements for use in hip replacement devices. To fulfil this objective, first 

a review of the literature relevant to this subject needs to be prepared: 

 

Understanding the joint being replaced and its function to the human 

body and the diseases that occur in this region: the joint in question is the 

“hip joint”, this is an important joint to the human body, both in terms of the 

stability and motion. There are many diseases associated to the hip joint and 

many that develop over time. 

 

How to treat the hip diseases non-operatively and operatively and the 

different types of products that can be used: treatment of the hip diseases 

requires different methods, some require operations while others can be 

treated using an administration of drugs. The operative solutions come in two 

forms, total hip replacement or hip resurfacing.  

 

The conditions required for materials used in the body and the materials 

used in hip replacement devices: there are criteria that need to be satisfied 

for artificial materials to be used in the human body, as not all materials are 

suitable. The materials used in various parts of the hip replacement devices are 

explained and the method of manufacturing cobalt based alloys and the 

different types of alloys are described. 
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Combinations: these hip replacement devices are found in many different 

coupling of materials from metal-on-plastic to ceramic-on-ceramic. All 

combinations are described here. 

 

Powder processing and other rapid prototyping techniques have been 

used to make metallic alloys: powder processing techniques and electric 

current assisted sintering are described here as methods to form alloys. 

 

Hip replacement devices have been known to fail with the most 

prominent method resulting from wear: these devices fail due to many 

different reasons, the various methods are described and special attention is 

given to wear and how it occurs due it being a major factor in terms of failure. 

  

Mechanisms of the leaching of ions: metallic ions leaching of the cobalt 

based alloys is a major concern and the mechanism of the ions being leached 

out is described. 

 

Advances in cobalt based orthopaedic alloys: evaluated are various 

techniques to improve the properties of cobalt based orthopaedic alloys.  

 

2.2 What is the hip? 

The hip is a joint made of a connection between the femur and acetabulum 

(Figure 2.1). The joint is a ball and socket joint whereby the femur head 

rotates within the acetabulum surface. This provides the body with a support 

to withstand the body’s weight in both static and dynamic motion.  

As this joint sustains large number of forces, the bones within this area 

become worn and the ligaments and tendons become weak. Diseases begin to 

develop and occur that cause pain and problems. 
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2.3 Hip Diseases 

There are many diseases that occur in the hip region. The main three are 

osteoarthritis, rheumatoid arthritis and hip fractures. There are other rare 

diseases such as lupus, femoral head necrosis, dysplasia, dislocation, 

impingment, infection and ankylosing spondylitis that can occur. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: A diagram of the hip joint with features labelled [Britannica 2010] 

 

Arthritis is the most common bone disease that occurs in the joint region, 

whereby the joint becomes inflamed and/or damaged. Osteoarthritis and 

rheumatoid arthritis are specific types, where the former affects the local 

region of one or two joint without inflammation and the latter describes joint 

and organs being damaged with inflammation. Pain usually occurs in the hip 

as the synovial lining becomes inflamed or the cartilage becomes worn away 

resulting in the bones rubbing against each other. Treatments include taking 

painkillers to ease the pain, steroid injections into the affected joint, disease 

modifying anti-rheumatic drugs can be taken that slow and limit further 

damage, non-steroidal anti-inflammatory drugs which reduce the 

inflammation in the joint and total hip replacement in severe cases.  
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Lupus or Systemic Lupus Erythematosus is an inflammatory disease that 

usually attacks soft tissues that consist of collagen fibres. As it is a systemic 

disease it damages organs and the patient needs a thorough check-up if this 

disease is present. Treatment for the disease requires cortisone injections, but 

secondary problems such as osteonecrosis can form in both hip joints. 

Therefore, if one hip has osteonecrosis it is essential to examine the 

subsequent hip for signs.  

 

Femoral head necrosis is a disease whereby the loss of blood supply in the 

femur head causes the bone to die. It is caused by either traumatic femoral 

head necrosis or non-traumatic asvascular necrosis. In the former, fracture or 

dislocation of the femoral head causes the blood vessels in the head to be 

damaged; resulting in the head dying and the hip cannot support the body’s 

weight. In the latter, causes are not understood fully, but related to alcohol, 

excess cortisone doses, blood disorders and/or tumours [Mont et al. 2006)]. 

However, to treat the disease large doses of cortisone injections are administer 

to the affected joint. Also, has been suggested that blood clots in the vessels 

cause the bone to receive no oxygen and nutrients and eventually dies out. 

Total hip replacements and resurfacing are some of the successful treatments 

for the disease.  

 

Dysplasia or Congenital Hip Dysplasia is a condition where the hip joint has 

change shaped from birth. The femoral head does not sit in the acetabulum 

comfortably and the dysphasia term indicates that both the head and cup are 

irregular shape. This can cause pain and result in secondary arthritis. Usually, 

early operations may have occurred at a young age to correct the defect. 

Treatment is difficult due to the changes in the skeletal structure but total hip 

replacement can work with use of bone grafts and modifying the bones in the 

area to accept the prosthesis. 
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Dislocation is when the ball has completely removed itself out of the socket. 

Total hip replacement are very difficult to perform and high risk. The skeleton 

is small in the hip region, therefore small femoral head are required and the 

socket needs to remodeled to accept a new cup and the femur needs to be 

moved downwards to accommodate the stem, risking damage to surrounding 

tissues, nerves and blood vessels. 

 

Impingement results from damage to the labrum. The labrum is at either ends 

of the cartilage and provides a soft protection. It is made from a fibrous 

structure and prevents the femur head from rubbing against the cartilage and 

the acetabulum. The impingement usually occurs in extreme movement of the 

hip, during exiting of the car or removal of shoes.  A lot of pain occurs in the 

groin area and some may require walking aids. Usually, keyhole surgery is 

sufficient whereby torn labrum and/or damaged cartilage is removed. In 

severe cases, the femur neck, the section between the femur head and the 

femur shaft is planed down to prevent more impingement taking place. 

Results show that 75% have less pain and no other damage to the femoral 

head occurs [Stephen et al. 2006]. 

 

Bacterial infections of the joint can cause secondary effects such as 

osteoarthritis and sometimes total hip replacement is required. However, 

before replacement can occur the infection needs to be inactive and the area 

needs to be healed. But, often the replacement can cause the infection to 

become active again and cause further problems than before. Usually the 

patients are put on a long course of antibiotics, but bacteria can form 

resistance to the drugs.  

 

Ankylosing spondylitis is a rare inflammatory disease whereby the joints, 

especially the spine and hip, become fused. It usually starts with the fusion of 

smaller bones in the pelvis and works its way through to force the whole hip 

joint to be fused. It can then travel upwards to force the spine to fuse all the 



Chapter 2: Literature Review 
 

19 

 

way up to the neck. The fused spine does not cause a lot of problems, but the 

fused hip causes major problems with stiffness and breaking of bones. Both 

hips can become fused and usually younger people are affected by this 

disease. The treatment is the total hip replacement, but it was considered that 

in young patients loosening rates were high, however the results have been 

successful to 85% after 15 to 25 years and after 20 years 80% were functional. 

Two thirds of the patients had both hips replaced and the average age of the 

patients was 40 years [Joshi et al. 2002; Sweeney 2001]. 

 

2.4 Treatments of diseases and fractures 

As mentioned throughout section 2.3, most treatments require total hip 

replacements. There are also other non-operative and operative solutions.  

 

2.4.1 Operative Solution 

The operative solution requires the introduction of a prosthetic implant. There 

are two types of implants most commonly used, either total hip replacement or 

hip surfacing.  

 

2.4.1.1 Total Hip Replacement 

The most common procedure attached to hip diseases is the total hip 

replacements and has had a successful outcome to relieve pain and increase 

mobility with 95% of patients [Johnsson
 
and Thorngren 1989]. As the hip 

joint has degenerated away due to diseases suffered the joint needs to be 

replaced with an artificial device.  

 

Total hip replacements involve the total replacement of the hip joint with an 

implant. There are three components to the prosthesis (Figure 2.2): 

 

1. A metallic femoral stem component 

2. An acetabular cup, sometimes with a liner added for further lubrication 

3. A femoral head component, that connects to the top of the femoral stem 
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The femur cavity is drilled out and replaced with a long stem. The stem is 

fixed either with bone cement (polymethyl methacrylate or PMMA) or 

cementless. The stem can be coated to increase integration between the 

implant and the bone. This coating is made of bioactive ceramic, usually 

hydroxyapatite. The acetabulum is reamed to provide a stable area for the 

acetabular cup to be fixed via screws or bone cement. At the end of the 

femoral stem is a femoral head which connects to the acetabular cup to create 

the ball and socket joint. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Components of the total hip replacement device with features 

labelled [Zimmer 2003] 

 

Most of the credit for the total hip replacement should go to Sir John 

Charnley. In the 1950s, he successful implanted a stainless steel cemented 

stem with a teflon acetabular cup fixed via screws and cement [Charnley 

1960]. Nowadays, there are different materials being used for different 

components of the device with high success rates. 

 

2.4.1.2 Hip resurfacing 

Hip resurfacing is a simpler procedure and an advantageous operation as bone 

loss is keep to a minimum. However it is only used in patients where bone 
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stock is plentiful. Again, Sir John Charnley developed the idea in the 1950s to 

produce an implant for the younger active patients. His use of 

polytetrafluroethylene had good results early on, however due to the high 

wear rates, failures occurred. Other materials were used and considered with 

different combinations of metals, ceramics and polymers. But for the high 

wear rates, the concept was shelved. Until, Derek McMinn redeveloped the 

product, in 1997 in Birmingham, UK and formed the Birmingham Hip 

Resurfacing system [McMinn 2003]. The system is a MoM implant (Figure 

2.3) and requires the femur to be reshaped to allow the cap to fit, compared to 

the total hip replacement, where the femur is drilled into to allow the stem to 

sit. The acetabular cup is fitted as usual. This reduction of bone loss also helps 

when revision is required as there is sufficient bone for the stem to be 

accepted. Whereas, in the total hip replacements the revision requires the 

femur bone to be broken for removal of the original stem and reset with wires 

to stabilise the bone and the new stem for healing to occur. 

  

In young patients, the Birmingham Hip Resurfacing has shown that when 

revision is required is it simpler to convert to the total hip replacement device 

[Ball et al. 2007]. The survivorship of the Birmingham Hip Resurfacing 

system after 11years has been successful up to 99.5% [Daniel et al. 2004]. The 

failures resulted from a deep infection and a collapsed femoral head. The most 

common failures occur from metal wear, femoral neck fractures and aseptic 

loosening. 

 

Hip resurfacing has allowed patients to return to their normal everyday 

activities without problems and has been seen as a major advantage over total 

hip replacements [Naal et al. 2007; Zhan et al. 2007]. 
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Figure 2.3: The Birmingham hip resurfacing device [Walter 2006] 

 

2.4.2 Non-operative Solution 

As the operative solution may not be life saving, the non-operative solution 

should also be considered. This is usually a temporary measure before surgery 

or used in controlling the suffering of pain and to increase mobility. There are 

many suggestions that the general practitioner or consultant surgeon may 

recommend, some are as follows: to reduce weight if overweight to relieve 

stress of the damaged hip, using a walking stick in the opposite side to the 

diseased hip to reduce the force impacted on the hip, taking joint supplements 

to provide the damaged cartilage the ingredients for regrowth and most 

commonly to take pain killing and/or anti-inflammatory drugs.  

 

Tipton et al. has suggested another non-operative alternative, by injecting 

sodium morrhuate a drug which has shown to grow ligaments and tendons up 

to 40% stronger than natural growth [Tipton et al. 1983; Maynard et al. 1985]. 

The ligaments and tendons are essential in restabilising the joint which has 

become slack as the cartilage is worn away via arthritis.  

 

2.5 What is a biomaterial? 

A biomaterial is “a nonviable material used in a medical device, intended to 

interact with biological systems” [Williams 1987]. 
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Many different materials have been used as biomaterials in biological system 

for total replacement and in medical devices. For materials in orthopaedics 

two important criteria need to be met. The material should have adequate 

mechanical properties for functional and biological use and be biocompatible 

with the environment it is placed in. Biocompatibility relates to the body’s 

interaction with the material in question with its purpose and the site it is 

located. 

 

The material selection criteria required for orthopaedics are [Taylor & Francis 

1999]: 

 Has to be biocompatible resulting in limited or no inflammatory or 

toxic reactions 

 Adequate mechanical properties, close to or mimic bone 

 Processing of the material should be cost effective 

 The implant should be able to carry out the function it is required to 

perform, i.e. provide the stability and mobility of the hip  

 

It has been known that any foreign material inserted into the body is not 100% 

compatible. However, materials can be classified as bioactive, bioinert and/or 

biodegradable. Bioactive materials represent materials that have the ability to 

interact with their chosen environment to form a response, e.g. 

hydroxyapatite. Bioinert materials form limited or minimal responses from the 

body, e.g. stainless steel. Biodegradable materials become resorbed and 

replaced with new tissue or degrade over time within the body, e.g. tricalcium 

phosphate. 

 

In terms of the hip joint, the force impacted on the hip while standing is about 

three times the body weight, while at maximum activity is about 10 times the 

body weight and while moving creates a cyclic loading of about 10
6
 cycles in 

1 year [Black 1992]. Therefore, the materials selected need to also meet these 

criteria for function and mechanical stability. 
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2.6 Materials 

The materials that have been used and are being currently used in hip joints 

are metals, ceramics, polymers and composites, all for different areas in the 

hip joint for different reasons. One of the first types of materials used were 

metals. 

 

2.6.1 Metals 

2.6.1.1 Stainless Steel 

As explained Section 1.1, Sir John Charnley first developed both hip 

replacement devices [Charnley 1960]. The first device was a total hip 

replacement made out of stainless steel. This was the first metallic material 

used for hip joint replacement. Stainless steel has excellent corrosion 

resistance due to its high chromium content. The chromium combines with 

any oxygen to form a coating layer of chromium oxide. There are different 

grades of stainless steel available for orthopaedic use, but for implant usage 

austenitic stainless steel is widely used. To remain in the austenitic phase the 

stainless steel requires a certain amount of stabilisers such as nickel or 

manganese, which enable the phase to be held at room temperature. The most 

common clinical austenitic stainless steel used in orthopaedics is the AISI 

316L (Table 2.1). 

 

As the mechanical properties of austenitic stainless steel, especially the wear 

resistance were not adequate for MoM joints such as the hip, they were 

shelved. The high wear debris and loosening of the implant caused many 

failures. Other metals were considered and two showed superior mechanical 

and corrosion properties, these were cobalt-based alloys and titanium and its 

alloys. Stainless steel is usually used as screws, plates, nails and in other 

devices it is easy to process, readily available and has a low cost.  

New austenitic stainless steel are being developed and used as joint 

replacements with higher chromium content, manganese used as a substitute 

for nickel and higher nitrogen content [Sumita et al. 2004]. The nitrogen 
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increases corrosion resistance and yield stress while stabilising the austenitic 

phase. 

 

2.6.1.2 Titanium and its alloys 

Titanium and its alloys, were chosen due to its excellent mechanical 

properties, especially its Young’s modulus of 110GPa, which was closer to 

bone compared to stainless steel, excellent corrosion resistance and lower 

density (Table 2.1). But in 1964, Branemark made a discovery that made 

titanium even more popular for use as implant material [Branemark et al. 

1964]. He established that titanium formed an integration with bone and called 

it osteointegration. This enabled the failure of the implant to be significantly 

reduced as there was less risk of loosening. 

 

Table 2.1: The metallic materials currently used in hip replacements [Navarro 

& Michiardi 2008] 

Material 

Alloying 

element 

(wt %) 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Stainless steel 

316L 

Balance Fe, Cr 

17-20, 12-14 Ni, 

2-3 Mo, 0.03 C 

205-210 170-750 465-950 

CoCrMo F75 

Balance Co, Cr 

27-30, Mo 5-7, 

Ni 2.5 

220-230 275-1585 600-1785 

Ti4Al6V 

Balance Ti, Al 

5.5-6.5, V 3.5-

4.5 

110 850-900 960-970 

 

The most common types of titanium alloys used are commercially pure 

titanium, grade 4 and Ti6Al4V. Commercial pure titanium’s mechanical 
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properties can be varied depending on the oxygen content in the material with 

a maximum of 0.4 per cent (grade 4), giving it higher strengths [Ratner et al. 

2004]. The high corrosion resistance of titanium and its alloys is due to the 

TiO2 oxide layer that forms at the surface.  

 

Commercial pure titanium is usually used in as dental implants, which is a 

single-phase alpha microstructure whereas the biphasic alpha-beta 

microstructure of Ti6Al4V is usually used in orthopaedics. The aluminium 

and vanadium elements act as alpha-beta stabilisers and enhance the 

mechanical properties compared to commercial pure titanium. 

 

However, limitations in the material are due its low shear resistance and high 

wear, cost is high as a result titanium is usually only used as the stem 

implanted into the femur. In bearing surfaces it was popular however, due to 

high number of failures and loosening they became less popular. Also, it was 

found during removal of the devices that surrounding tissues had become 

black and metallosis had occurred [Nasser et al. 1990; Clarke et al. 1992]. 

This was created by debris particles which resulted from inadequate 

integration of the surface oxide layer to the titanium.  As a result for bearing 

surfaces cobalt-based alloys have been more widely used. 

 

Titanium and its alloys have excellent properties, but the ability for processing 

(machining, forging and heat treating) is relatively difficult due to the 

vanadium present. Studies have shown that this element is cytotoxic and limits 

its processibility [Friberg et al. 1979; Thompson & Puleo 1996]. As a result of 

this, other titanium alloys were developed; these were Ti6Al7Nb, Ti5Al2.5Fe, 

Ti35Nb5Ta7Zr and Ti35Nb5Ta7Zr0.4O [Long et al. 1998]. The first two 

alloys were developed as they were vanadium free and exhibit similar 

properties to Ti4Al6V. The latter two alloys were subsequently developed 

with lower elastic moduli (55 and 65 GPa respectively) closer to bone and 
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excellent biocompatibility. These alloys are still being developed for 

commercialisation. 

 

2.6.1.3 Cobalt-based alloys 

These alloys were chosen due to the inadequate wear properties of the other 

two materials.  Cobalt was discovered by Brandt in 1735 [Wang 2006]. Cobalt 

based alloys were first used in turbine blades and gas turbines due to their 

ability to withstand high temperatures. However, their other properties, 

corrosion resistance and wear resistant is what brought them to the forefront 

for orthopaedics [Donachie 2002]. These properties are due to the 

microstructure of the alloy, the cobalt has two crystalline structures, 

hexagonal closed packed (HCP), and face-centred cubic (FCC), each exhibit 

different strengths, the chromium improves oxidation and hot corrosion 

resistance as well as producing carbides M7C3 and M23C6, the molybdenum 

acts a solid solution hardener with the formation of intermetallic compounds 

and carbides M6C. Carbon within the structure forms carbides MC, M7C3, 

M23C6 and M6C. The M denotes either cobalt, chromium or molybdenum  

[Sims 1969]. There are different grades of cobalt based alloys in orthopaedics: 

(Table 2.2)  

 

2.6.1.3.1 F75 

This is the most common cobalt based alloy used in hip replacements. The 

high corrosion resistance due to the formation of chromium oxide is its unique 

characteristic. The chemical composition is 28 wt% Cr, 6 wt% Mo, and 

balance wt% of Co [ASTM Standard F75 1998]. The as-cast version consists 

of a Co-rich matrix, secondary phases and carbides randomly distributed 

throughout the structure. 
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Table 2.2: The grades of cobalt based alloys with their mechanical properties 

[Davis 2001] 

 

2.6.1.3.2 F799 

This alloy is hot forged after it has been cast. This process of working 

plastically deforms the structure and exhibits higher mechanical properties, 

especially fatigue, yield and ultimate tensile strength compared to F75.  

 

2.6.1.3.3 F90 

This alloy has additions of tungsten and nickel to improve fabrication. Has 

similar properties to F75 but can be enhanced if cold worked.  

 

2.6.1.3.4 F562 

This is one of the strongest available alloys used and can be significantly 

improved by cold working and aging it. Below 419°C, the HCP structure 

forms and above the FCC structure forms. The HCP structure exhibits higher 

strength as there are less slip systems and limits the dislocation movement. 

 

 

Specification 
Alloy 

System 
Condition 

Yield 

Strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

F75 Co-Cr-Mo Cast 450 655 248 

F799 Co-Cr-Mo 

Thermo 

mechanically 

processed 

827 1172  

F90 
Co-Cr-W-

Ni 
Wrought 379 896 242 

F562 
Co-Ni-Cr-

Mo 

Annealed 241-448 793-1000 

228 Cold-worked 

and aged 
1586 1793 
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2.6.1.3.5 Ways of Manufacturing 

As it can be seen from the enhancement of properties, processing of the 

cobalt-based alloys is essential. This produces different microstructures with 

variable properties. There are three ways of manufacturing the alloy: cast, 

wrought and powder processing. 

 

2.6.1.3.6 Cast 

Casting of materials is the simplest form of fabrication of alloys for various 

shapes. The metals are melted above their melting point to form a molten 

mixture. The desired shape is produced into a mould and the molten mixture is 

poured in and allowed to solidify. Even though it is easy, the material tends to 

have voids of porosity in the structure. These voids affect the mechanical 

properties and if porosity is very high the material is subsequent hot isostatic 

pressed to close the pores and improve the mechanical properties. This 

process requires, heating the material near its solidus temperature and with the 

addition of pressure, around 100MPa, forces the pores to close up. Casting of 

cobalt based alloys for surgical use goes back over 60 years, and such 

improvements have been made to enhance the mechanical properties of the 

alloy using this technique [Disegi et al. 1999].  

 

2.6.1.3.7 Wrought 

The performance of the cast cobalt based alloys were adequate, however the 

mechanical properties were not suitable for the function. To limit this 

problem, wroughting of the cast version was suggested as it had been shown 

in other materials to improve properties [North et al. 1976]. Wrought 

processing can be done hot or cold. It is the forging of the cast ingot into the 

desired shape or into another ingot to be machined into a desired shape. This 

enables the grain structure to be modified, voids to be closed and increases the 

strength of the metallic alloy [Cawley et al. 2003]. However, due to the 

increased strengths machining of the product into the desired shape was 

difficult and only simple shapes could be formed. 
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2.6.1.3.8 Powder Processing 

Powder processing or powder metallurgy has been very effective for 

processing of alloys for surgical use. Powder processing is the sintering of 

powders to produce a product. In powder processing, the whole production 

can be control, competitive characteristics can be regulated, any desirable 

shape can be produced, wider range of products can be made and components 

can be fabricated that would otherwise decompose or disintegrate. 

 

In the 1960s, the first powder processed alloy for surgical use was 

manufactured; it was a Co-Cr-Mo femoral stem via isostatic pressing [Deidar 

et al. 2006]. The outer layer was porous, this enabled bone tissue ingrowth for 

stability and fixation of the implant without cement. Powder processing of 

cobalt based alloys has been performed using many different methods from 

atomising, such as gas, plasma rotating electrode process, and water [Dowson, 

1990; Eisen, 1984]. Plasma rotating electrode process has been used to 

produce femoral stems that have superior mechanical and corrosion resistance 

compared to the cast versions [Eric et al. 2002; Thomas et al. 1996].  

 

Currently, powder processing has shown improved biocompatibility, 

mechanical properties, corrosion resistance, precise chemical compositions 

and waste free-net shape products. The porosity can be controlled and 

composite materials can be made depending on the function [Leszek et al. 

2001; Becker et al. 1995].  However, there are limitations, whereby powders 

are expensive and require expensive special sintering processes to produce a 

product that can have unwanted porosity that reduces corrosion resistance 

[German 1984]. 

 

2.6.2 Polymers 

Most common polymers used in hip joint replacement are polyethylene (PE) 

and polymethylmethacrylate (PMMA).  
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PMMA or bone cement as explained previously, was used by Charnley for the 

fixation of the stainless steel stem into the femur cavity. Bone cement is 

formed by self-polymerising of a powder consisting of prepolymerized 

PMMA, an intiator and a radiopacifier and liquid phase consisting of MMA 

monomer, an accelerator reagent and a stabiliser. A paste is formed of the two 

parts that solidifies after polymerisation. The materials create an excellent 

fixation, however it is not bioactive. There are problems, the monomer may 

leak into the blood causing an embolism, the exothermic reaction produced 

during polymerisation can cause necrosis of blood vessels, nerves or bone 

tissue, as the cement sets it shrinks slightly causing a loss of contact between 

bone, cement and prosthesis, stress shielding of the bone can cause the cement 

to fracture and crack and wearing of cement particles can cause foreign body 

reactions and accelerated wear in the bearing surfaces.  

 

New organic iodine opacifiers are being developed as the old ceramic 

radiopacifiers reduce the mechanical properties as they do not proper mix in 

the paste [Artola et al. 2003]. Even though there are risks involved bone 

cement is still successfully used as a fixation medium and improvements have 

been made to administer the cement effectively using monomer cooling, 

vacuum mixing and injecting devices, which increase stability and mechanical 

properties of the cement.  

 

PE and more specifically Ultra High Molecular Weight Polyethylene 

(UHMWPE) has been used as a liner for the acetabular cups. It is the ideal 

liner material due to its low friction, high abrasion resistance and low density 

with excellent toughness, biocompatibility and biostability [Fisher & Dowson 

1991; Sutula et al. 1995]. However, the most important concern is the wear 

particles that are produced. These particles have shown to produce an 

inflammatory response called osteolysis [Maloney & Smith 1995]. Osteolysis 

is the disease whereby bone resorbing cells (osteoclasts) are activated to 

perform the resorption of bone. Modifications are being made to reduce the 
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low molecular weight chains, the orientation and compaction of the polymer 

chains and to produce harder surfaces to reduce wear.  

 

2.6.3 Ceramics 

Some of the first ceramics used and are still being used in joint replacement 

were alumina and zirconia. Their material  properties are determined by their 

microstructure, which is dependent upon the fabrication method. One of the 

main reasons for their use in hip replacements was due to their high strengths, 

biocompatibility, corrosion resistance and especially their excellent wear rates 

[Hench & Wilson 1993]. The failure of the ceramic materials is due to their 

low fracture toughness. 

 

Alumina has been used in orthopaedics for 20 years due to its low friction and 

wear coefficient. Alumina components must be highly spherical; therefore 

surface finish is very important to reduce wear and friction. There is always a 

problem with stress shielding due to the high elastic modulus (380GPa) of the 

material and can cause loosening and risk of failure. Therefore, alumina heads 

are used in conjunction with UHMWPE acetabular cups.  

 

Zirconia is the highest strength material available for surgical use and has 

excellent mechanical properties for hip replacements. It has the lowest wear 

rates of all the materials [Villermaux 2000]. 

 

The most common bioactive ceramic used in hip replacements is 

Hydroxyapatite (HA – Ca10(PO4)6(OH)2). It has been used as a coating 

material on the surface of the implant to increase bonding strength between 

implant surface and adjacent bone, also limits the reaction to foreign material 

in the body as it is highly biocompatible.  

 

Currently, work is being conducted on other derivatives of HA, such as β-

tricalcium phosphate (β-TCP, Ca3(PO4)2). These fall in the calcium phosphate 
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family and have shown the ability to completely resorb away and be replaced 

with bone. HA even though it is in the same family cannot fully resorb due to 

its chemical stability that reduces its solubility rate ensuring that it remains 

intact at its site [Takahashi et al. 2005; Ginebra et al. 2006].  Calcium 

phosphates have also been developed into bone fillers that can be injected in 

the damaged bone tissues that can self-harden and produce low exothermic 

reactions limiting damage to its surrounding area [Ginebra et al. 1997; Takagi 

et al. 1998]. 

 

2.7 Combinations 

2.7.1 Metal-on-plastic 

These were one of the first combinations used, by Charnley with the use of 

Teflon with stainless steel. However, the wear rates of these devices when 

compared to the MoM combinations are significantly higher [Black 1996].  

Advances in polymer science development, saw the formation of UHMWPE 

and was first used in 1962, by Charnley [Kyomot et al. 2007]. The UHMWPE 

was susceptible to oxidative attacks due to the process of sterilisation, which 

used gamma rays, leaving it vulnerable [Kurtz 2004]. The modification of this 

material into cross-linked UHMWPE saw enhancement in properties, 

especially higher wear resistance, reduction in wear debris and higher 

oxidative degradation resistance [Chiesa et al. 2000; Chiesa et al 2004; 

Ferroni & Quaglini 2010]. However, the wear debris formed from this 

combination was the main issue with the devices. The particle sizes were 

larger than metal debris and the chemistry of the particles caused major 

problems, called osteolysis, which increases the risk of loosening of the 

implants and failure of the devices. The osteolysis mechanism is due to three 

points, the creation of the particles, migration of those particles and the 

cellular response to the particles [Harris 1994]. During wear of this 

combination, polyethylene particles are formed which are large in diameter 

(~10µm) and macrophages find it difficult to ingest. Submicron particles form 

from abrasive wear, as this wear causes crystalline stretches of the 
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polyethylene which extends the polymer chains and causes rupture into 

smaller particles [Jasty et al. 1997].  These smaller particles have the 

opportunity to interact with the surrounding areas, especially the bone in the 

joint space [Schmalsried et al. 1992].  The cellular response of the particles is 

from the macrophages and the fibroblasts. Usually, macrophages ingest the 

material, when they are unable to perform their function; the fibroblasts have 

to then ingest the particles. The fibroblasts synthesize the material and release 

cytokines and growth factors, which cause an adverse reaction. This reaction 

is quite complex but results in bone resorption, through osteoclasts or 

monocytes [Athanasou et al. 1992]. With this osteolysis being a major 

problem, plastic materials have not readily been introduced in the bearing 

surfaces area of hip replacement devices since.  

 

2.7.2 Metal-on-metal 

As the alternative to metal-on-plastic, MoM was revisited and has been 

around ever since. MoM developed through the cobalt based alloys to 

stainless steel to titanium and back to cobalt based alloys. This was mainly 

due to the higher wear resistance of the cobalt based alloys [Donachie 2002]. 

This combination has been used throughout the whole history of hip 

replacement devices and has been highly successful. However the MoM 

devices are failing due to various reasons, predominantly due to wear and 

metal ion leaching [Konttinen et al. 2005; Langton et al. 2010; Merrit & 

Brown 1996]. 

 

2.7.3 Ceramic-on-ceramic 

The lowest wear rates are associated with these combinations due to the 

extreme hardness of the materials used [Willmann 1998]. But the same 

problems are associated, the ceramic-on-ceramic shapes need to be very 

complimentary of each other, otherwise large sections can be worn away. The 

ceramic-on-ceramic has been known to make a lot of noise during articulation 

[Restrepo et al. 2008]. And the brittle nature of ceramic material is still a 
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major concern of sudden breakage during function [Park et al. 2006]. This 

combination is of recent usage and follow-up studies over 20 years need to be 

investigated to have a better assessment for long term viability of this material 

[Hamadouche et al. 2002; Jazrawi et al. 1999]. 

 

2.7.4 Ceramic-on-plastic 

Ceramic against plastic was the new combination developed and had good 

success rates early on [Skinner 1999]. The plastic was used as the liner 

material, between two ceramic materials or between ceramic and metal. This 

was due to the shaping of the ceramic materials and the associated problems 

detailed above. 

 

2.7.5 Ceramic-on-metal 

Ceramic on metal is a new combination developed by John Fisher [Fisher 

2005]. This was suggested as an alternative to the ceramic on plastics, due to 

the plastic still being a major concern over osteolysis and also due to ceramic-

on-ceramics having the concerns over sudden fractures. The metal with the 

ceramic was seen to give the best of both worlds, with the loss of the plastic 

and reduction in the number of metallic particles and the reduction in sudden 

fracture.  

 

Having a mismatch of materials, as it the case here of the ceramic and metal, 

this has been known in history to lead to major problem [Affatato et al. 2010]. 

Mismatch of properties of the two materials in contact with one another has 

known to never be very successful. The ceramic being harder, due damage the 

surface of the metal, the metal is deformable various the ceramic is brittle. The 

ceramic is tougher, whereas the metal is malleable. Initial the combination 

may seem to have a high success rate, however over a longer period of time 

the results could be very different. Materials in combination with similar 

properties or with similar chemistries have been known to survive longer as 

the materials are the same in nature and complement each other. 
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2.8 Powder Processing of alloys 

The powder is compacted and consolidated into a set die of a specific shape. 

With the application of heat through diffusion processes, called sintering and 

often external pressure a solid material can be formed. The material is never 

really molten, however sometimes liquid can be present in elements in the die 

that have low melting temperatures. Sintering is regarded as the fusion of the 

particles. It is known that increase mechanical and physical properties are 

improved as the density of the material increases. Some materials are 

produced with porosity in mind, but for hip replacement devices, especially 

bearing surface materials should be fully dense.  

 

Compaction of powder can be done using different methods: 

Cold Uniaxial Pressing: elemental metal or compound powders are mixed 

with lubricant and pressed with pressures of 600MPa in metal dies [Fleck 

1995]. The compaction forms a “green “compact of the component and takes 

the shape of the die. Having non-uniform shaped particles enables a higher 

green compact strength to form as the particles deform one another and take 

up less space in the die [James 1977]. The pressing of the powder may not be 

uniform through the green compact due to the frictional effects between 

particles and the die wall. If higher as-pressed densities are required the 

compaction pressures need to be increases, this requires larger and stronger 

presses and tools that can become very expensive. 

 

Cold Isostatic Pressing: powders are loaded into a rubber membrane or 

metallic die. Uniform pressure is applied to the die from all directions; this is 

known as isostatic external pressure [Kennard 1991]. The isostatic pressure 

ensures the as pressed density will be more uniform. Again, non-uniformed 

shaped particle enhance the green compact strength. This technique of 

compaction is usually used for semi-fabricated products such as bars, billets, 

sheets or shapely objects, where extensive finishing of the products is 

required. The products formed are not fully dense and require additional 



Chapter 2: Literature Review 
 

37 

 

working of the products to increase density, usually through, hot forging, 

rolling or extrusion [Greetham 2001]. Sintering of the powder is the next step. 

 

Once compacted, the die can be placed in a furnace to heat the powders up. 

First the heating removes the lubricants involved and then at a higher 

temperature diffusion and fusion of particle occurs. A vacuum or a range of 

atmospheres during sintering can be used, as some materials depending upon 

the chemistry, require specific environments [Greetham 2001].  The density of 

the material can be manipulated through the sintering parameters and the 

components produced will have very little finishing required. Therefore, most 

of the powder used at the beginning is not wasted and reduces the costs.  

 

Some sintering techniques: 

Hot Isostatic Pressing: powders are consolidated in a metallic die or possibly 

glass. The die is vacuumised and so no gases can contaminate the material. It 

is heated up and simultaneously isostatically pressed to deform the powder 

and die [Widmer 1982]. The densification depends upon the yield strengths of 

the powders; higher yield strengths require more pressure [Boncoeur & 

Palacio 1983]. However, having very high temperatures enable low pressures 

to be used. This technique can be costly as the pressure vessel needs to be able 

to withstand the high temperatures and the internal pressure that form. Similar 

to cold-isostatic pressing, finishing is required to form the desired product. 

 

Hot Forging (Powder Forging): the cold pressed and sintered components are 

very close to the final product shape, however may not be fully dense. 

Therefore, the porosity needs to be reduce to have adequate mechanical 

properties [Cocen & Onel 2002]. 

 

Cold pressed and sintered components have the great advantage of being close 

to final shape (near-net shape), but are not fully dense. Where densification is 
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essential to provide adequate mechanical properties, the technique of hot 

forging, or powder forging, can be used. 

 

In powder forging an as-pressed component is usually heated to a forging 

temperature significantly below the usual sintering temperature of the material 

and then forged in a closed die. This produces a fully dense component with 

the shape of the forging die and appropriate mechanical properties. Powder 

forged parts generally are not as close to final size or shape as cold pressed 

and sintered parts. This results from the allowances made for thermal 

expansion effects and the need for draft angles on the forging tools [Greetham 

2001]. Further, minimal machining is required but when all things are 

considered this route is often very cost effective. 

 

2.9 Electric Current Sintering 

As a powder processing tool electrical current assisted sintering (ECAS) has 

increased greatly due to its ability to form sintered compact of much enhanced 

properties compared to the other more conventional powder processing 

techniques [Munir & Quach 2011].  

 

ECAS is a system where electric current and pressure are applied 

simultaneously to consolidate and sinter the powders to achieve densification 

rapidly. The powders can be conductive or non-conductive. Conductive 

powders are heated via the Joule effect and non-conductive powders are 

heated through the use of a conductive die, usually made of graphite.  The 

principle of sintering is similar to hot isostatic pressing, where heat and 

pressure are applied simultaneously, but the main difference being the heat 

generate in ECAS is through the electrical current. Having high power 

supplies can lead to rapid and efficient heating enabling heating rates of 

1000°C/min [Orru et al. 2009]. The applied pressure is via uniaxial pressing, 

however some system can do isostatic or quasi-isostatic [Saito & Sawaoka 
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1973; Song et al. 2004]. The pressure achieved can be as great as 8GPa [Zhou 

& Kwon 2005]. 

 

2.9.1 Developments of the ECAS processes 

The use of ECAS to form materials from powders has grown significantly due 

to the availability of commercial machines, the origin of this process is very 

old [Munir et al. 2006]. Sereval different processes that apply electric current 

or have an electric field present to assist powder material fabrication have 

been developed in the past. The first patent filed was in 1922, of the invention 

to produce dense compacts from oxide powders using electric current flows 

through the specimen to achieve appropriate sintering temperature [Duval 

d’Adrian 1922]. In 1927, Hoyt developed the idea to simultaneously apply 

uniaxial pressure and electric current to metallic powders [Hoyt 1932]. Hoyt 

system used mechanical pressure through electrodes to the metallic powder 

(mixed WC/Co) and applied electric current from an external electric circuit to 

the electrodes, therefore heating the powders sufficiently to cause sintering. 

The processing time was in the range of minutes. Gilson, in 1927, used this 

same technique to perform reactive sintering using individual powders 

assisted with electric current [Gilson 1930]. 

 

In 1933, Taylor processed the mixed WC/Co powder into a fully dense body 

in one second or fraction of a second, by modifying Hoyt design [Taylor 

1933]. The short processing time was due to the ability to subject the powder 

to a discharge of pulsed direct current, followed by applying alternating 

current (AC). The discharge was produced using a condenser coupled to 

2500V of direct current (DC). The use of discharge was due to the difficultly 

of initially allowing electric current to flow through the powders when using a 

low voltage AC source, as the powders have an initial resistance. In 1944, 

Cramer developed apparatus to sinter metallic powders in fractions of seconds 

using simultaneously applied mechanical pressure and AC or DC current of 

around 20kA, resulting in about 620MA/m
2
 of current density [Cramer 1944]. 
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This high current density enabled the powder particles that were in direct 

contact with one another to become fused due to the high point temperatures 

achieved and in a cold state which reduced the porosity further with the 

applied pressure. 

 

Ross modified the apparatus further to have the application of electric current 

applied in pulses, with varying durations, by varying the current density and 

manipulating the number, intensity and duration of pulses dependent on the 

material being sintered [Ross 1945]. The short duration of pulsed current 

caused the powder to be heated and sintered, but the die remained cold.  

 

Rensselaer Polytechnic Institute (USA) studied a process called resistance 

sintering under pressure [Lenel 1955]. The apparatus used for resistance 

sintering were similar to spot welding machines and used a low voltage high 

current power supplied by a welding transformer and a current motor 

generator. Sintering was considered to be efficient using two current pulses, as 

powders usually have oxides present upon the surface and therefore the first 

pulse breaks down the resistance of the oxide and the second sinters the 

powders. 

 

In 1965, Japax Scientific Corp. Menlo Park, CA (USA) association with Japax 

Inc. of Kanegawa (Japan) developed a method to combine pressing and 

sintering in one process by “spark energy” an unspecified impulsive force 

[Degroat 1965]. But large scale of components was very difficult. In spark 

sintering, the idea of using a vacuum and removing the oxides of the powder 

would cause self-bonding of the particles [Jones 1940]. The use of a capacitor 

bank produced high energy electrical discharge and produced a spark between 

the particles. The spark causes ionisation and allows the current to flow 

through the compacts to cause heating of the particles for sintering. 
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In 1966, Inoue developed an ECAS technique using electric current and low 

mechanical pressure, below 10MPa [Inoue 1966]. The lighter applied pressure 

and the pulse current formed the spark discharge for sintering. The discharge 

has so much high energy that this caused the particles to fuse together. The 

use of higher pressure in earlier ECAS machines was thought to reduce the 

contact resistance and equalise it to the internal resistance of the particles so 

current could pass through the particles to allow heating. However, Inoue said 

that the contact resistance needs to be greater than the internal resistance 

during the initial stage of sintering, to enable the spark discharge energy to 

remain high and not dissipated during resistive heating of the particles [Inoue 

1966]. 

 

The innovation of Inoue was questioned, as Hoyt and Gilson were able to 

produce dense compacts using 6.9MPa of pressure, without spark discharges 

forming [Hoyt 1932; Gilson 1930]. However, Inoue described his invention in 

a patent filed in 1966, where is said that the spark discharge causes partial 

ionisation of the particles surfaces that are in contact and they apply impulsive 

pressure on one another, including the external pressure applied to cause 

fusion of particles [Inoue 1966a]. He continued to say that the high 

temperatures generated from the spark discharge was sufficient to cause initial 

bonding of the particles and the subsequent flow of current causes heating of 

the powders through resistive or joule heating, he named the technique electric 

discharge sintering [Inoue 1966a]. 

 

In another Inoue patent, he stated that metallic particles form a film on the 

surface which impeded fusion of the particles [Inoue 1970]. He continued to 

say that the high temperature formed in the initial stages of sintering and the 

reducing atmospheres employed caused breakage of these films to allow 

bonding. The spark discharge generated in between the particles travel 

through the whole powder bed and cause discharges to occur in various 

powder gaps, enabling the films to be destroyed through shock wave or 
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dynamic pressure. The discharge also forms conductive bridges to allow the 

subsequent current to flow through the powder efficiently. 

 

 In 1967, Lockheed Aircraft Corp. obtained the license rights to Inoue process 

and produced apparatus, they changed the name to spark sintering, due to the 

ability to press and sinter in one shot [Boesel et al. 1969]. The spark sintering 

process was modified by Lockheed and that it consisted of two stages 

[Goetzel & Marchi 1971]. The first was an initial activation under low 

pressure using a pulsed or high frequency AC current combined with a DC 

current to generate the spark discharge to form bonds between the particles. 

The second stage involved resistance heating using electrical energy under 

higher pressure to cause densification of the compact. 

 

Around the 1970s, spark sintering had become a practical and economical 

process for the sintering of materials worldwide. There were still some 

problems, the graphite dies used in the process were wearing away and 

therefore alumina high wear resistance dies were used [Weissler 1978]. The 

short high current pulses adopted by Taylor to produce compact in a non-

conducting die was unsuccessful as the current flow was inefficient, therefore 

Lockheed Missiles and Space Co. developed the use of AC and DC current 

simultaneously, to reduce the film effect on the surface of the powders and 

make current flow more efficient [Saito & Sawaoka 1973]. 

 

The number of scientific articles based on ECAS has increased dramatically, 

due to the commercial availability of the apparatus. Various elements, 

compounds and alloys have been processed using ECAS, however the 

mechanisms that take place to form the compact has not been discussed or 

investigated. 
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The electric current activation sintering can be divided into two different 

methods for sintering: Resistance Sintering (RS) and Electric Discharge 

Sintering (EDS) 

 

RS uses a sinusoidal form of low voltage and high current. EDS utilises a 

bank of capacitors to storage electrical energy and release it suddenly to 

produce a high energy discharge. This uses higher voltages and higher current 

than RS. The EDS method uses electromagnetic techniques for compaction 

through the effects of change of current/time. The processing time of the RS 

(10
-5

 to 10
-2

s) is much higher than EDS (10
0
 to 10

3
s). 

 

2.9.2 Resistance Sintering 

Over 80 years of research have been performed using RS method and many 

apparatus have been produced to use this technique. Different sinusoidal 

forms have been adopted to achieve sintering and as a result different names 

and acronyms have been created. Most common ones are Spark Plasma 

Sintering, Pulsed Electric Current Sintering, Pulse Discharge Sintering and 

Plasma Activated Sintering. The main feature of the RS system is the 

electrical current and therefore the waveform of the current is a fundamental 

characteristic. There are different versions of the waveform with square, 

sinusoidal and seesaw, some of the ones used, but the most common are 

shown in Figure 2.4.  
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Figure 2.4: Typical electric current waveforms applied in the RS processes: 

(a) constant DC, (b) AC, (c) pulsed DC and (d) pulsed DC + DC. a.u. 

indicates arbitrary units [Orru et al. 2009] 

 

The most simple waveform is the constant DC which has a current intensity I 

and AC which has a maximum current intensity, Imax, with a frequency, v. 

Figure 2.4c is the pulsed DC waveform which has a, Imax, the pulse duration, 

τpulse, and the on- and off-time, τON and τOFF. The Figure 2.4c shows the 

waveform of a two stage pulsed DC+DC method, where a pulsed DC is first 

formed and then a constant DC is applied. The stages are split into a τI and τII. 

There are still many different waveforms, however not much investigation on 

these versions have been made and experimental measurements of the electric 

current feature are also very low [Matsugi et al. 1996; Kimua 1997; Anselmi-

Tamburini et al. 2005]. The most common used in RS apparatus is the Pulsed 

DC, due to the extensive use of the Sumitomo Coal Mining Co. Ltd. (Japan), 

which utilises this waveform in its commercial RS experiments. This 

apparatus was patented in 1960s and commercial machinery was made in late 

1980s by Sumitomo and Sodick Co. Ltd [Omori et al. 1997]. These machines 
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adopted the SPS process, which used electrical sources similar to electric 

discharge machines [Omori et al. 1997]. These were low-voltage high current 

powder systems, with a pulse interval of 1ms, while some other versions 

produced by Sumitomo had a pulse duration of 2.7ms [Omori et al. 1997]. 

 

For constant DC or AC waveforms, custom-built machines were requried, 

however, there are some machines that adopt the waveform of Figure 2.4c and 

2.4d. FCT Systeme GmBH (Germany) produces machines that apply 

waveforms varying in pulse shape and pulse frequency [Xie et al. 2003]. The 

FCT Systeme machine can have a pulsed DC with on/off cycles of 0-225ms 

[Vanmeensel et al.  2005; Sastry et al. 2004]. The waveform of Figure 2.4d 

has been commerical by Sodick Co. Ltd, Materials Modification Inc., USA 

and Eltek Co., Korea. The waveform is achieved by, first applying the pulsed 

electric current under low pressure and the DC is followed in the second stage 

[Groza et al. 1992; Kalyanaraman et al. 1998; Kim et al. 2006]. 

 

Superior Graphite Co. Ltd. (USA) have a commerical RS apparatus that is 

slightly different to the tranditional ECAS systems, where powders for 

sintering are placed in a free-flowing particle die [Gopalsami 2002]. The free 

flowing particles are electrically conductive and act as pressure transmitter 

and resistive heat source under a low voltage and high DC current application, 

therefore pseudo-isostatic pressure is applied [Zhang 2003]. 

 

Due to the short time the current heats the powder, between the successive 

impulses; the actual average temperature of the powders is lower than the 

instantaneous temperature achieved during normal current flow [Michalski 

2003]. The energy supplied from each pulse is up to 8.1kJ and the pulse 

frequency is between 0.5-2Hz [Jaroszewicz & Michalski 2006; Michalski 

2006]. The heating rates and temperature is controlled by the pulse discharge 

energy (E =CV2/2 where V is the charge voltage and C the capacitance of the 

capacitor battery) [Michalski & Siemiaszko 2007]. Due to the high energy 
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supplied from the pulses this technique has been claimed to be more efficient 

for sintering than other electrical assisted processing techniques [Michalski & 

Siemiaszko 2007]. 

 

2.9.3 Electric Discharge Sintering 

This method uses a capacitor bank to storage electrical energy and discharge it 

suddenly through a non-conducting container filled with powder. The high 

energy discharge of current through the powders allows heating and sintering 

of the individual particles. The powder particles can be compacted using the 

magnetic field which causes them to radially collapse inward. After the 

discharge, the solid compact can move freely into its container and removal is 

achieved with processing [Clyens et al. 1976; Johnson et al 1976]. The 

advantage of this method of compaction, is ease of removal capability from 

the container, the low costs and the reusability of the containers [Al-Hassani 

1979; Shakery et al. 1979]. 

  

One of the first electrical discharge machines was developed as a magnetic 

forming machine [Williams 1977]. The capacitor bank consists of a total 

capacitance up to 25mF and a charging voltage up to 30kV can be achieved 

[Rajagopalan et al. 2000; Grigoriev & Rosliakov 2007]. The charging of the 

capacitor bank is through a variable transformer and a rectification and 

smoothing unit [Williams & Johnson 1982]. The applied discharge current 

density can reach up to 2800MA/m
2
 and the intensity up to around 90kA [Wu 

& Guo 2007; Wu et al. 2007]. The current down the length of the sample 

decreases monotonically, however it can be increased by adjusting the sample 

diameter [Clyens et al. 1976]. During the processing the current flowing 

through the powder exhibits a waveform typically of that shown in Figure 2.5 

[Alp et al. 1985]. 
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Figure 2.5 Typical waveform of current flowing through powder during EDS 

process. [Alp et al. 1985] 

 

Some investigations carried out using this method of compact, suggest that the 

EDS process is in two stages [Zavodov et al. 1999]. In the first stage the 

powder is subjected to the high-voltage pulse, while in the second stage the 

sintering of the compact occurs through the applied current density which can 

be in the order of 10
2
 to 10

3
 A/cm

2
. The two-stages have been considered of as 

it is thought that during processing the electrical current decreases from one 

stage to the each. 

 

Pressure or pressureless EDS can be performed [Alp et al. 1987]. With 

pressure EDS, it can be static or dynamic and the pressure with the electrical 

discharge aids the ability to achieve higher densities [Okazaki 2000]. The 

pressure also aids the discharge process by making it more effective in the 

initial stages of sintering [Rajagopalan et al. 2000]. 

 

Various metallic powders have been sintered using EDS, some not so 

successfully, but the ferrous materials have been [Williams & Johnson 1982]. 

Many shapes and even complicated products can be processed using EDS 

processing, but the particles size and packing help the current flow and 

produce homogenous density and mechanical properties [Alp et al. 1987]. 
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Many factors such as powder properties, electrical parameters and container 

dimensions affect the energy produced for compaction [Shakery et al. 1979]. 

However, pressureless EDS produces low relative densities and additional 

sintering is required to produce denser specimens [Alp et al. 1987; Johnson et 

al. 1976]. 

 

Powder particles of a small size sometimes cannot achieve homogenised 

structure due to the very short sintering time, even when the temperatures are 

close to the liquid phase. Therefore, to increase homogenisation or reaction 

between the powders the compact has to be heated to form liquid phase 

sintering [Lenel 1955]. With the high temperatures densification at the centre 

of compact can be achieved, however the higher density is usually found at 

the ends of the compact [Shakery et al. 1979; Clyens 1976]. 

  

The discharge energy produced through the powder column is proportional to 

the current flowing [Johnson et al. 1976]. The current is governed by the 

capacitance, resistance and inductance of the circuit [Shakery et al. 1979]. The 

higher the current flowing through the circuits the increased strength and 

density of the green compact produced from the magnetic body forces, 

making the current density very important [Shakery et al. 1979].  The 

sintering of the powder occurs in a certain range of discharge energies, which 

is dependent upon the powder column and powder chemistry [Clyens et al. 

1976; Johnson et al. 1976]. Too high discharge energy applied causes melting 

or even rapture of the container [Al-Hassani 1979]. With too low discharge 

energy the powder diameter cannot be reduced by the magnetic field and 

removing the compact from the container would be difficult [Clyens et al. 

1976; Johnson et al. 1976]. This is due to the electrical resistance, too high 

resistance, not sufficient current, too low resistance and the current cannot 

pass through the powder compact efficiently and the compact may not be fully 

sintered [Lenel 1955]. 



Chapter 2: Literature Review 
 

49 

 

Another EDS technique is High Energy High Rate consolidation which uses 

stored rotational kinetic energy that can be converted into electrical energy 

using the Faraday effect [Elkabir et al. 1986]. It is a low voltage, high current 

device that uses a pulse mode to provide resistive heating at interparticle 

interfaces [Ervin et al. 1988; Elkabir et al. 1986]. The high current pulse can 

be up to 250kA in a few hundred milliseconds, while the current density 

achieved is 100-500MA/m
2
 and the process lasts around 3s, with most energy 

produced in the first 0.5s [Ervin et al. 1988;  Persad et al. 1989]. During the 

pulse phase, pressure is applied and held for between 3-5mins and the specific 

energy produced is in the range of 400-14250J/g [Raghunathan et al. 1991]. 

 

One of the most common types of ECAS is spark plasma sintering, which will 

be explained in Chapter 3 and used in Chapter 4. 

 

2.10 Modes of failure and methods of treatment 

Even though success rates of total hip replacement and hip resurfacing has 

increased dramatically over the years, however, there are still some problems 

that cause fails that need addressing. 

 

Failures are as follows: 

 Complications during surgery 

 Wear of the bearing surfaces 

 Infection 

 Dislocation  

 Prosthetic Fracture 

 Loosening 

 Joint stiffening 

 

Rarely are there complications during surgery. However, there can be 

problems with the surrounding area as nerves and blood vessels can become 

damaged and need immediate restoration. These can be repaired during the 
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procedure, but delay the overall time and recuperation. Also, fractures of the 

implant or the bones can occur causing more problems. 

 

As with any operation, blood clotting can be problem. However, there are 

measures that are in place if this ever happens. As explained before, dormant 

infections can become active and new infections can occur due to the implant 

or due to the conditions in the theatre. 

 

Dislocation of the replacement device can occur. When the ball moves out of 

the socket, it can be easily put in place by the orthopaedic surgeon. The 

surgeon may then advise the patient that certain activities are prohibited to 

limit recurrence of the problem. 

 

Prosthetic fracture is a major concern, as wear and tear of the implant over its 

life cycle can cause breakage. The older material implants are more likely to 

break, but newer ones with higher strengths and increased durability are likely 

to last longer.  

 

Loosening of the implant is usually related to the wear or the adhesion 

between the adjacent surfaces. This can also occur due to stress shielding. As 

bone is a dynamic material, it requires stress for it to grow and therefore, the 

implant takes the stresses impacted on the joint, resulting in the bone to resorb 

away. This leaves the adhesion between the bone and the implant surface 

weak. The loosened implant then moves around the open cavity and could 

break. 

 

Joint stiffening is a problem whereby soft tissues within the joint area become 

bone by a process called heterotopic ossification. This is the formation of 

extra bone in non-bone tissues.  
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2.10.1 Wear 

As it can be seen the common denominator in the other failures is due to wear 

of the bearing surfaces. This is also the most common failure method [Wilches 

et al. 2008]. There are two types of wear failures: Abrasive Wear and Sliding 

Wear 

 

2.10.1.1 Abrasive Wear 

Hard particles force themselves between the two bearing surfaces and move 

relative to the direction of motion [Bhatt & Goswami 2008]. They cause 

scratches and material to be gouge out from the surface [Zum Gahr 1998]. 

High stresses can occur when the particles become lodged between the 

surfaces.  

 

In alloys with hard phases, the abrasion resistance is determined by the size 

and shape of the both the abrading species and hard phases. Therefore, the 

resistance will increase as the volume fraction of the hard phase increases. 

 

2.10.1.2 Sliding Wear 

This form of wear is complex. It occurs when two surfaces are in contact and 

motion with one another.  The risk of damage is determined by the material 

used and if there is any lubrication to assist motion.  

 

There are three mechanism by which sliding wear generally occurs: [Davis 

2001] 

 

First mechanism is due to the oxide layers on surface of the material. These 

layers are controlled by temperature or frictional heating. As they grow due to 

increased heat, glazes form that are highly reflective, smooth, peaks of 

randomly distributed oxide debris. These glazes become lodged between 

sliding surfaces and cause abrasion. The combination of sliding and abrading 

is known as fretting.  
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The second mechanism is due to high contact stresses forcing the oxide layers 

to be grinded or broken away. This leaves the materials to rub against each 

other. In terms of metals, cold welding can occur between the metallic 

surfaces and as motion occurs fracture, transfer or deformation of material is 

exhibited. In terms of ceramics, the motion of the surface can cause fracture 

due to the high brittleness of the material. 

 

Third mechanism is due to cyclic stresses caused by the adjacent materials 

forcing themselves on another periodically. Fractures and cracks can develop 

due to the forces exerted. 

 

2.11 Mechanism of release of metallic ions 

The mechanism of release of metal ions from the metallic implants is also 

very important; as this could indicate a way of preventing the metal ions 

leaching in the first place. The release of these ions is dependent upon the 

electrochemical rule. Most of these metallic materials form a corrosion 

resistance film upon the surface to prevent the metal ions leaching away. 

However, not all ions released are toxic and/or induce toxic reactions. 

 

The human body can be a hostile environment for these implants. The chloride 

ion concentration in serum is 113 mEq L
-1

, which is very corrosive. The blood 

consists of proteins and amino acids that act as electrolytes and interact with 

the metallic material effecting the corrosion resistance [Merritt and Brown 

1988; Williams et al. 1988].  The oxygen level in the blood is much lower 

than in air, therefore the oxidic film that forms on the surface of the metal 

cannot be regenerated, resulting in the release of metallic ions [Jack 1984]. 

The body fluid has a pH of between 7.0 and 7.4, however bone tissue where 

the implant is fixed initially has a pH of ~5.2 before rising to 7.4, this acidic 

condition can have a drastic effect on the material [Hench & Ethridge 1975; 

Bruesch et al. 1985]. 
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As indicated, the corrosion resistance of the metal is dependent upon the 

surface oxide that forms as a passivity layer. The film is dependent upon the 

constituents of the alloy, in the cobalt based alloys, the film consists of oxides 

of cobalt and chromium [Smith et al. 1991]. Chromium and molybdenum are 

found at the inner layers and surface consists of large amounts of OH
-
 ions 

[Hanawa et al. 2001]. 

 

The oxide film, in different solution environments have both active and 

passive surfaces when in contact with an electrolyte [Kelly 1982]. Therefore, 

the surface oxide film undergoes a process of partial dissolution and 

reprecipitation when in an aqueous solution as shown in Figure 2.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: The process of partial dissolution and reprecipitation of the surface 

oxide film [Hanawa 2004] 
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If the rate of dissolution is greater than the rate of reprecipitation, then the 

gradual release of metal ions will occur. As the metal ion leaching surface 

oxide is slow to regenerate, the dissolution rate of the film can be accelerated 

by the proteins and amino acids [Merritt & Brown 1988; Williams et al. 

1988]. Another theory on how the metal ions are released is due to the 

interaction with macrophages. When the implant is introduced in the body, it 

is treated as a foreign body and macrophages and other immunological cells 

attach to the surface of the new material [Tang & Eaton 1993].  The 

macrophages produce oxygen species when they phagocytosis particles, these 

oxygen species are catalysed by superoxide dismutase and produces H2O2 

[Johnston et al. 1978; Ward 1983; Hansen 1987]. This molecule interacts with 

the surface of the metallic material and causes the release of metallic ions 

from the surface [Edwards et al. 1988; Behl et al. 1994]. 

 

Once the surface oxide film is constructed it can be altered depending upon 

the environment it is placed in. In the cobalt based alloys, the initial surface 

consists of oxides of chromium and cobalt when exposed to air, once 

submerged in cell culture, the cobalt in the oxide becomes dissolved and only 

chromium oxide and oxides of molybdenum are identified, above which 

calcium phosphate forms as indicated in Figure 2.7. 

 

 

 

 

 

 

 

 

 

Figure 2.7: Regeneration of oxide surface after polishing and submerged in 

cell culture [Hanawa 2004] 
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With the hip replacement devices, the main function is from the wear and 

fretting of the surfaces. As the surface oxide layers are damaged during 

function of the device the exposed surface gives a larger opportunity of the 

metal ions being leached out and the wear debris also leaching ions in the 

body. In the cobalt based alloys, the most preferential element to be released 

from the alloys is cobalt [Storp & Holm 1977].  This exposure increase the 

corrosion of the metal, however, if the film is regenerated the metal ion 

leaching can be reduced. Therefore, the leaching can be managed if the film 

can be regenerated rapidly. 

 

The metal ions leached from the metallic implant do not always cause 

damage. It depends upon the ion being leached and the chance of interaction 

with a biomolecule or how its reacts with water and anions (Figure 2.8). All 

molecules in the body can combine with the metal ion. The ion is highly 

reactive and can react with water or anion and reduces its opportunity to react 

with the biomolecule (Figure 2.8A). There are some ions that are inactive, 

nickel and copper, which remain for a longer period, but these are more 

susceptible to reactions with biomolecules and causing toxicity (Figure 2.8B).   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Metal ion reacting with water and anion or biomolecule and the 

possibility of toxicity [Hanawa 2004] 
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Therefore, the toxicity of the metallic materials is dependent upon the 

corrosion resistance of the material, the specific ions that are released, and the 

activity of the ion and the toxicity of the ion. 

 

2.12 Advances in cobalt based alloys for orthopaedics 

The advances in the cobalt based alloys used in orthopaedics have been very 

limited. The main work conducted in the hip replacement industry with these 

alloys is for analysis of wear using hip simulator testing to determine the 

performance of the alloy and for new designs of the implant to allow 

improvement in the fitting between cup and head to reduce wear. Not much 

work is being done to investigate new methods of fabrication or improvements 

of the alloys for its application. Some of the advances investigated are detailed 

below: 

 

Processing of alloys has shown to produce significant improvements in the 

properties. In the cobalt based alloys used in orthopaedics not much 

processing has been attempted to improve the alloy. But there are some 

investigations that have taken place to attempt improvements.  

 

Kircher et al. used electron beam melting manufacturing of the Co-Cr-Mo 

(similar composition to F75) alloy [Kircher et al. 2009]. Electron beam 

manufacturing is a rapid manufacturing technique that uses computer aided 

design software to build up layers of the component. A fine layer of the 

powder is placed on a steel platform and the electron beam generated using 

electric current to pass through a tungsten filament melts the layer of powder. 

Subsequently, another layer of powder is placed on top of the melted powder 

and the process of melting is repeated. By placing layer upon layer of powder 

the component is built up. A vacuum is used due to the electron beams 

involved and a temperature of 800°C is maintained. Once the component is 

built up, the chamber is flooded with helium gas for rapid cooling. Comparing 

the properties of the electron beam melting produced alloy against the 
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commercial grade alloys, exhibited an alloy whose mechanical performance 

exceeded or meet the requirements of the F75 and F1537 alloys. 

 

Bardos investigated hot isostatic pressing (HIP) of powder to form higher 

strength Co-Cr-Mo alloys [Bardos 1979]. HIP as stated in Section 2.8 is one 

of the basic powder processing technique. In this investigation high pressure 

and a high-temperature autoclave with argon gas was used to sinter the 

powder. The HIP compact produced grains of 0.8µm compared to the 

commercial manufactured alloys of 8µm, the mechanical strengths of the HIP 

alloy was significant higher than the conventional fabricated cobalt based 

orthopaedic alloys, especially the fatigue strength. Biocompatibility and 

corrosion behaviour showed similar results to the cast Co-Cr-Mo alloys. 

 

Dourandish et al. has used a simple pressureless powder processing technique 

to sinter Co-Cr-Mo (F75) powders to prove the ability of powder metallurgy 

to produce an orthopaedic device [Dourandish et al. 2008]. The investigation 

used powders packed in an alumina die and sintered via liquid phase sintering 

in an argon atmosphere furnace. The compact produced were dense however 

not fully with around 5% porosity in the structure and 34% porosity at the 

surface edges, this contributed to the hardness of the alloy which were similar 

to the current manufactured cobalt based orthopaedic alloys. 

 

Janaki Ram et al. investigated the use of laser engineered net shaping to 

manufacture CoCrMo alloys for improvement in wear resistance [Janaki Ram 

et al. 2008]. Laser engineered net shaping is a novel additive manufacturing 

process developed by Sandia National Laboratories (USA). This process uses 

a computer aided design model to generate a computer component and slices 

the model into layers. The deposition process to form the component required 

is built up of the computer generated layers. A laser beam generates a pool of 

molten melt and subsequently powder is injected into the melt pool and 

rapidly solidified, the laser beam moves to the next coordinate and over time a 
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layer is built and the process is repeated until all the layers are built up 

forming the required component. This process occurs in an enclosed chamber 

filled with argon. The laser engineered net shaping alloy is compared against 

conventional manufactured Co-Cr-Mo orthopaedic alloys for their hardness 

and tribological performance using a dry sand/rubber wheel wear test. The 

hardness of the laser engineered net shaping alloy and the Co-Cr-Mo alloy 

shows no significant improvements and the wear resistance of is significantly 

lower. 

 

Zhuang and Langer have investigated ways to improve the properties of cast 

Co-Cr-Mo alloys by controlling the casting conditions during the 

solidification process [Zhuang & Langer 1989]. The current used medical 

grade alloy (F75) is cast using a sand mould and cooled in air. This 

investigation used a metallic mould with cooling water. The microstructure 

produced is of equiaxial grains compared to the dendritic structure in the 

medical grade alloy. The new microstructure has produced a slight increase in 

the hardness of the alloy, but the main improvement made with the effects of 

cooling is the significant enhancement in the fatigue strength. 

 

Modifications to the current commercial manufactured alloys have also been 

investigated to improve properties. 

 

Saldivar-Garcia and Lopez have investigated heat treatment techniques to 

improve the wear resistance of the alloys [Saldivar-Garcia & Lopez 2005]. 

They have tried to increase the HCP over the FCC content within the 

microstructure. Within an alloy a single HCP phase has been shown to 

improve the crystal structure and wear resistance [Buckley 1968]. They used 

conventional heat treatment techniques, where wrought and as-cast 

commercial alloys were subjected to homogenised heating followed by 

quenching to produce full FCC content and then rehomogenised to increase 

the HCP fraction to near full HCP content. Tribological performance of the 
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alloys were tested using pin-on-disk apparatus and the results showed that the 

higher HCP content alloys exhibited high wear resistance compared to the 

higher FCC content alloys.  

 

Zhuang and Langer have investigated the effects of alloy additions on the 

fatigue behaviour of Co-Cr-Mo surgical implant alloys [Zhuang & Langer 

1989]. They used commercial as-cast Co-Cr-Mo alloy with different additions 

of nickel, aluminium, titanium and boron. The alloys were produced by 

vacuum induction melting and cast in sand moulds with air cooling. The 

addition of elements did not make improvements to the cast alloy. The grain 

size has been shown to be reduced by the additions of aluminium, titanium 

and boron but by 5%.  The nickel addition reduces the tensile strength and 

hardness, but improves the elongation of the alloy. 

 

Gradzka-Dahlke et al. investigated the addition of biocompatible materials to 

the Co-Cr-Mo alloy to improve the mechanical properties [Gradzka-Dahlke et 

al. 2008]. The materials selected were calcium phosphate, boron carbide and 

silicon nitride. The alloys were produced by water atomisation method with 

10% of the biocompatible materials added to the powders. The Co-Cr-Mo 

powders were annealed first, subsequently the modifiers were added and then 

processed under an argon atmosphere. The calcium phosphate filler material 

improved the compression strengths and yield point and aided frictional 

process during wear testing. The other two fillers increased the brittleness of 

the alloys. But the tribological performance of the additional materials 

increased the wear as their particles acted as abrasives, increasing wear. 

 

Lee et al. investigated the addition of nitrogen and chromium to the current 

Co-Cr-Mo orthopaedic alloys to improve their mechanical properties [Lee et 

al. 2007]. The nitrogen and chromium were added to the Co-Cr-Mo alloy by 

melting the existing alloy using a vacuum induction method and pouring the 

melt into a metallic mould in a nitrogen atmosphere and subsequently adding 
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chromium nitride powder into the melt. The additional powder contributed to 

an increase in content of nitrogen up to 0.61wt.% from 0.25wt.% and the 

chromium up to 34wt.% from 30 wt.%. The additional content significantly 

improves the yield and tensile strength compared to Cr-Cr-Mo alloys. The 

main improvement made is the significant increase in elongations to 

approximately 40%. 

 

Spriano et al. investigated modification of the surface of the Co-Cr-Mo 

orthopaedic alloy for improved wear resistance [Spriano et al. 2005]. The 

surface of the Co-Cr-Mo alloy is modified with Tantalum. The Co-Cr-Mo 

alloy undergoes thermal treatment in molten salts (compounds of cobalt and 

tantalum) under argon flux and is tested for tribological performance against 

non-treated alloy using a pin-on-disk wear apparatus. The wear performance 

of the modified surface shows significant improvements in wear resistance. 

 

Dobbs and Robertson have investigated heat treatment of cast Co-Cr-Mo 

orthopaedic alloys to improve the mechanical properties [Dobbs & Robertson 

1983]. The heat treatments were administered to the cast Co-Cr-Mo alloys via 

solution treatments using an electrical resistance tube furnace in high purity 

argon and quenching with cold water. The resultant tensile properties showed 

no significant increases in the yield point, but the tensile strength increased 

significantly and the elongation almost doubled. The most improvements 

made were in the fatigue resistance, where the improvements were up to 28 

times the cast Co-Cr-Mo alloy.  

 

Montero-Ocampo et al. have investigated the effects of alloy preheating on the 

mechanical properties of as-cast Co-Cr-Mo-C alloys [Montero-Ocampo et al. 

1999]. As-cast Co-Cr-Mo alloy was induction melted under vacuum and cast 

under an argon atmosphere in a preheated mould. The preheated alloy 

exhibited improved mechanical strength and increased ductility than that of 
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as-cast Co-Cr-Mo alloy. The ultimate tensile strength and the elongation 

properties had the most improvement. 

 

Coating the surface of the commercial medical grade alloys has also become 

common to improve the wear resistance of the alloy. 

 

Sheeja et al. in 2001 investigated the using of diamond-like carbon (DLC) 

coatings on the Co-Cr-Mo (BioDur CCM Plus, Carpenter Technology) alloy 

[Sheeja et al. 2001]. The DLC coatings have gained attention for wear 

resistance applications and for with its biocompatibility and chemical 

inertness. The coatings are deposited using a filtered cathodic vacuum arc. 

This technique uses a vacuum chamber, a graphite cathode to form carbon 

plasma and a negative bias on the substrate cobalt based alloy, to produce 

films of multi-layer carbon. The films were 420nm thick and tribological 

testing was conducted using a pin-on-disk apparatus.  An uncoated Co-Cr-Mo 

alloy and a coated DLC were tested, however the coated substrate showed no 

significant improvements in the wear resistance or the coefficient of friction to 

suggest that DLC coatings improve wear resistance in cobalt based 

orthopaedics alloys. 

 

Fisher et al. have investigated the use of different coatings on the Co-Cr-Mo 

and their tribological performance [Fisher et al. 2004]. They have used 

titanium nitride, chromium nitride and chromium carbonitride coatings 

deposited using evaporative physical vapour deposition and DLC coated using 

plasma assisted chemical vapour deposition. The DLC coating thickness is 

2μm and other coatings are 8-12μm. The wear performance of the coatings 

and commercial grade orthopaedic alloys is tested using a hip simulator. The 

chromium nitride coated combination showed the most reduction in the wear 

rate, whereas the others coating materials did not show significant 

improvements in wear rates. The hardness of the alloys with the coatings (20-
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25GPa) deposited had a significant increase over the current medical grade 

alloys (4.2-4.5GPa).  

Koseki et al. investigated the use of carbon ion implantation to improve the 

tribological properties of Co-Cr-Mo alloys [Koseki et al 2008]. Coatings of 

carbon ion implantation and DLC were deposited using plasma-source ion 

implantation method and tested for their tribological performance using the 

pin-on-disk method. The coating of the carbon ion implantation and DLC 

increased the hardness by 1.37 and 1.87 times of the substrate Co-Cr-Mo 

orthopaedic alloy. The tribological performance of the coated materials 

showed that the DLC had increased wear and the carbon ion implantation had 

lower wear than the uncoated Co-Cr-Mo alloy. 

 

Vandamme et al. investigated the effects of carbide coated Co-Cr-Mo implant 

alloys for their wear behaviour [Vandamme et al. 2003]. An unnamed metal 

carbide was deposited on the surface of the Co-Cr-Mo alloy by microwave 

plasma-assisted reaction using a microwave plasma-assisted chemical vapour 

deposition system equipped with a tubular fused quartz reaction chamber and 

tested for tribological performance using a ball-on-disk wear test apparatus. 

The wear factor of the carbide Co-Cr-Mo alloy compared to an uncoated Co-

Cr-Mo alloy showed a small reduction in the wear. 

 

Yen and Hsu investigated electrolytic Al2O3 coating on Co-Cr-Mo implant 

alloys to improve the wear resistance [Yen & Hsu 2001]. The electrolytic 

coating is deposited using a naturally aerate solution of Al(NO3)2 and a 

potentiostat. The alloy was the cathode, graphite was used as the anode and 

saturated AgCl/Ag was the reference electrode. The Al2O3 coating was 

deposited on the surface of the alloy and subsequently annealed to improve 

adhesion. The coated alloys and uncoated Co-Cr-Mo alloys were wear tested 

using a pin-on-disk wear apparatus. The coated Al2O3 alloy showed an eight 

times reduction in wear compared to uncoated Co-Cr-Mo alloy. 
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From the investigations carried out by various researchers on the cobalt based 

alloys some have shown improvements in the properties for orthopaedic 

applications. However the improvements have not been significant to cause 

changes in the current manufacturing techniques used for hip replacement 

devices. Modifying the conventional fabricated alloys to cause changes in the 

microstructure has yielded some improvements but there has not been 

significant improvements in the properties. The use of new processing 

techniques for cobalt based alloys show that solid alloys can be fabricated, 

however the mechanical properties produced are similar to the current 

orthopaedic alloys and therefore changing manufacturing techniques may not 

be so efficient. The use of coatings on the surface of the cobalt based alloys 

have shown some interesting results in terms of tribological performance. The 

results indicate that some coatings increase wear resistance of the material, 

however coating materials that are under constant wear will over its functional 

time period wear away and the substrate underneath is the original Co-Cr-Mo 

alloy. When this is left exposed and the wear will accelerate, as the hard 

coating particles can act as abrasives. 

 

Therefore to conclude, the current research in the cobalt based alloys has 

shown some improvements, however novel processing route seems the most 

interesting way forward as this will enable the opportunity to produce dense 

alloys with microstructures and properties that can make significant 

improvements over the current conventional manufacturing techniques. 
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Chapter 3 

Experimental Details 

 

 

3.1 Introduction 

In this chapter, the materials, equipment and the procedures used for the 

experiments are described.  The materials used, their corresponding suppliers 

and the product details are provided. The experiments designed to evaluate the 

objectives are described. The characterising of the subsequent samples is 

described. All systems were calibrated and measurements were checked 

against references or literature values. 

 

3.2 Materials 

Three elemental powders were used to form the alloy: Cobalt (Co), Chromium 

(Cr) and Molybdenum (Mo). Two commercial alloys were purchased for 

comparison for tribological performance. One hip replacement device was 

given for initial characterisation of the currently used materials.  Ethanol, 

hydrochloric acid, copper chloride and distilled water were used for etching 

and ethanol used for balling milling. Bovine Serum was used for the wear 

testing of the alloys. Nylon pot and zirconia slenders were used for ball 

milling. Distilled water was used as the medium for metal elemental leaching 

experiments. Epoxy resin and silicon carbide grinding paper were used to 

mount and polish the samples respectively. 

 

3.2.1 Powders 

3.2.1.1 Cobalt 

Cobalt is a chemical element, indicated with the symbol Co and an atomic 

number 27. It has ferromagnetic properties. Cobalt is found as compounds 

within most rocks, soil, plants and animals. It usually is combined with nickel 

and found in meteoric iron. It has two crystallographic structure, face centred 
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cubic (FCC) and hexagonal close packed (HCP). There is transition of the 

structures at around 450°C, but as this transition has a small energy difference, 

both structures are known to be found simultaneously in cobalt alloys [Lee et 

al. 1978]. 

 

To protect against oxidation, cobalt forms passive oxide layers, but it can be 

attacked by halogens and sulphur.  There are several oxides of cobalt: cobalt 

(II) oxide, cobalt (II, III) oxide and cobalt (III) oxide. The common oxidation 

states are +2 and +3, but there are others ranging from -3 to +4.  

 

The discovery of cobalt is attributed to Georg Brandt in 1735 [Wang 2006]. 

Cobalt was mainly used to add blue colour to glass, glazes and ceramics. 

Nowadays, cobalt is used to make superalloys for gas turbines and aircraft 

engines, due to the high temperature stability. It is also used due to its 

corrosion and wear resistant, therefore implemented in medical field for 

orthopaedics and combined with other elements to improve wear resistance 

[Michel et al. 1991]. Also, used in dental prostheses, as an alternative to nickel 

alloys, due its sensitivity and for high speed steels to increase heat and wear 

resistance.   

 

Cobalt has been used in batteries in the lithium cathodes, and in nickel-

cadmium and nickel metal hydride batteries to improve oxidation [Hawkins 

2001; Armstrong et al. 1988; Zhang 1999]. It has been used as an oxidation 

catalyst in the chemical reaction [Hebrard et al 2009]. The isotope of cobalt 

Co
60

 is used in radiography, as a gamma ray source it can produce specific 

quantity and high activity when bombarded with neutrons [Audi 2003].  

 

Cobalt can be found and is essential to the human body. Cobalamin, also 

known as Vitamin B12 consists of cobalt, and this vitamin is essential for the 

blood, brain and nervous system for maintaining function. 
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3.2.1.2 Chromium 

Chromium is a chemical element, indicated with the symbol Cr and an atomic 

number of 24. It is antiferromagnetic at room temperature, but above 38°C it 

can be paramagnetic. It is found in the Earth’s crust and the environment, 

produced due to erosion of chromium rich rocks [Emsley 2001]. 

 

In a high oxygenated environment the surface of the metal forms a thin layer 

due to passivation. The layer is not like rust, which penetrates into the surface; 

this layer remains fairly stable upon the surface. It has a wide range of 

oxidation states, with +3 and +6 being the most common and +1, +4 and +5 

being rare. 

 

Chromium was first discovered by Johann Gottlob Lehmann in 1761, however 

he misidentified the compound basing it on lead [Guertin 2005]. In 1797, 

Louis Nicholas Vauquelin had crocoite ore and using hydrochloric acid and a 

charcoal oven to form metallic chromium [Vauquelin 1798]. Chromium can 

also be found in gemstones of ruby and emerald. 

 

Chromium is used as a strengthening element in alloys, where it can form 

carbides and for its corrosion resistance. In steel, the main corrosion property 

is dependent upon the concentration of chromium added in the iron alloy. It is 

a very hard material and so is used as coating upon substrates to make them 

more resistant [Dennis & Such 1993]. It is also used in dyeing, as it can form 

the yellow, red and green colours depending upon the compound. It has been 

used in wood preservation, as chromium (IV) salts are toxic and destroy fungi 

and insects that attack the wood [Hingston 2001]. Due to the high heat 

resistance and high melting point of chromium compounds, the material has 

been used in high temperature refractory purposes, however this in declining 

due to toxicity of chromium(IV) [Papp 2006]. 

 

Chromium has no uses in the biological environment [Di Bona et al. 2011]. 
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3.2.1.3 Molybdenum 

Molybdenum is a chemical element, indicated with the symbol Mo and atomic 

number 42. It can be found in minerals such as wulfenite and powellite, with 

most it from molydenite. It has many oxidation states, with +4 and +6 being 

the most common.  

 

In 1752, Bengt Andersson Qvist came across molydenite but dismissed it as 

nothing new. In 1778, Carl Wilhelm Scheele realised that the mineral found 

was a new entity and in 1781, Peter Jacob Hjelm successfully isolated 

molybdenum from carbon and linseed oil [Van der Krogt 2006; Gagnon 2007; 

Scheele 1779; Hjelm 1788]. 

 

As molybdenum can withstand high temperatures making it less malleable, it 

is mainly used are for armour, aircraft parts, electrical contacts, industrial 

motors and filaments [Emsley 2001]. It is also used in alloys to increase high 

temperature corrosion resistance and weldability [Glenn 2005]. 

 

3.2.1.4 Nanopowders of Co, Cr, Mo 

Powders of Co, Cr and Mo were obtained from American Elements, USA. 

The average particle size of the powders is shown in the Table 3.1. The Co 

powder was pre-oxidised with 10% oxygen (O) by the supplier to enable safe 

handling. 

 

 

Table 3.1: The average particle size of the as supplied powder 

Powder Co Cr Mo 

Average Particle Size /nm 28 100 85 

Product Number CO-M-O2-NP CR-M-O2-NP MO-M-O2-NP 
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3.2.2 Alloys 

3.2.2.1 As-received hip replacement device  

The as received hip replacement devices was supplied by JRI through 

Orthopaedic Research UK. A bearing surface hip replacement device 

consisting of a metallic femoral head and actebular cup, used in the initial 

investigation to gather an understanding of hip replacement devices. 

 

3.2.2.2 F75 alloy 

The F75 alloy was supplied by WearTech, UK. The most commonly used 

cobalt based alloy in orthopaedics, formed via the casting method. The 

elemental content of the alloy is shown in Table 3.2. 

 

3.2.2.3 F1537 

The F1537 alloy was supplied by Lamineries Matthey SA, Switzerland. 

Another conventional method of manufacturing of alloys is by wroughting. 

This F1537 is the wrought version of the F75. It comes in two different types: 

low carbon (LC) and high carbon (HC) and can come in different worked 

conditions, from hot anneal to warm anneal to warm forged. The elemental 

content of the alloy is shown in Table 3.2. 

 

Table 3.2: Elemental content of F75 and F1537 alloys 

Alloy 
Cobalt 

(Co) 

Chromium 

(Cr) 

Molybdenum 

(Mo) 

Carbon 

(C) 

Other 

elements 

F75 Balance 30% 6% 0.20% 0.80% 

F1537 Balance 27% 6% 0.04% 1.8% 

 

3.2.3 Etching solution 

To determine grain characteristics, some alloys require etching to reveal the 

grains in the microstructure. The etching solution contained: ethanol 

(C2H5OH), hydrochloric acid (HCL), and copper chloride (CuCl2). This was 

used to be able to identify the grains in the cobalt based alloys, as usually the 
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grains are very difficult to visualise without etching.  There are different 

methods in etching the grains. The simplest method is using just solution as 

used in this experiment. There are methods that use electrolytes and other 

electrical devices to charge the liquid and to electrolytically corrode the 

surface. 

 

3.2.4 Ethanol 

General purpose research grade ethanol (C2H5OH) supplied by Sigma Aldrich, 

UK was used in this research for the reduction of agglomerations of the 

powders and as the lubricant during the ball milling process. The use of 

ethanol has been known to reduce agglomeration so that particles are smaller 

in size [Tang et al. 2008]. 

 

3.2.5 Grinding paper and epoxy resin  

Silicon carbide paper and epoxy resin were purchased from MetPrep, UK. 

Circular silicon carbide grinding paper, used with a grinding machine is 

crucial for the grinding and polishing of the surfaces of the alloys for 

microstructure examination and alloys for the wear testing and surface 

roughness measurements. Silicon carbide is one of the hardest materials and 

so from a high 120 grit paper down to a polishing 4000 grit paper was used to 

polish the surface of the alloys to mirror finish. Optical microscopy was used 

to examine the surface after polishing and ensure a limited number of 

scratches were present before commencing with other analysis. Tap water was 

used as a lubricant during the polishing process to allow frictionless motion 

between the alloy and the paper and to remove excess debris away from the 

polishing area, to avoid abrading the alloy surface. 

 

Epoxy resin was used to mount the metallographic pieces for ease of grinding 

and polishing and for the hardness test of non-flat surface pieces. The epoxy 

resin comes in two parts: one part hardener and one part resin. Four parts resin 

to one part hardener are combined together in a 40mm die set and the sample 
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piece is placed in the centre. The resin is allowed to set for a minimum of 

10hours. 

 

3.2.6 Ball milling pot and slenders 

The milling pot was made of nylon. This is a strong material to withstand the 

impact of the slenders present and has a high expansion coefficient, which can 

withstand the energy released during milling. In some processes of ball 

milling, energy can be released from either the reactions of powders with one 

another or from reactions of the powders with the lubricating medium. If the 

encompassing material does not have a high enough expansion coefficient the 

material can swell up and burst open or when removing the lid, the contents 

could burst everywhere as the energy releases into the atmosphere and 

byproducts can be toxic. 

 

The slenders were made from zirconia, a very hard material with higher 

hardness and wear resistance, to break down agglomerates and ensure 

thorough mixing of the powders, to increase homogeneity. 

 

3.2.7 Bovine Serum 

Bovine serum was supplied through Sigma Aldrich, UK (Product Code: 

B9433, Batch number: 120M8410). It is a USA origin, sterile-filtered medium 

and suitable for cell culturing. The serum is from the blood of a bovine 

species, in the USA slaughtered at less than 12 months. Table 3.3 details the 

constituents of the serum. 

 

Bovine serum is extensively used as a blood substitute medium, as it has 

similar liquid properties and constituent materials, such as proteins, amino 

acids and other molecules. For this study the medium was used as a 

lubricating fluid to mimic the liquid properties for the wear test. It is mixed 

with water as the bovine serum has very low viscosity and hardly any water 

content, whereas in the body blood consists of 80% water content and the rest 
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is made up of the cells, plasmids and minerals. Using pure serum, due to its 

low viscosity will not allow ease of movement of the bearing surfaces, causing 

limited movement and a failed tested in terms of achieving results.  

 

Table 3.3: Adult Bovine Serum content, USA origin, sterile filtered (product 

number: B9433) 

Sodium 315 mg/dl 

Glucose 100 mg/dl 

Total protein 7.5 g% 

Albumin 3150 mg/dl 

Globulins: Alpha 1.09 g/dl 

Globulins: Beta 0.94 g/dl 

Globulins: Gamma 2.32 g/dl 

Triglyceride 14 mg/dl 

Cholesterol 172 mg/dl 

Iron 178 µg/dl 

 

Many researchers use other solutions such as sodium chloride, phosphate 

buffer solution and simulated body fluid. Those solutions are good for the cell 

culturing as they have good mineral content, but for wear testing analysis, the 

fluid properties are more critical than the biological content as this will affect 

the friction of wear and affect the tribological performance. 

 

3.2.8 Distilled water 

Distilled water is used as experimental water (pH: ~7). Normal tap water, 

contains ions and particles, which can affect the results, therefore distilled 

water is used. The water is heated and then allowed to cool, to produce a 

liquid which is purer, in terms of it being H2O. In some regions the tap water 

is very hard due to it containing a higher mineral content. This type of water 

has been considered to be more beneficial for the cardiovascular system. 

However, for the experimental use and for the use for this thesis, distilled 
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water is more appropriate, as the metal ion leaching studies require less 

mineral content, to reduce the content of those mineral and the formation of 

compounds or the ions can cause an increase in corrosion and leaching. 

 

3.3 Equipment 

This section details the equipment used to conduct the experiments and 

characterise the compacts. A description of each equipment is given. 

 

3.3.1 Equipment used for processing and forming the compacts 

3.3.1.1 Spark Plasma sintering 

Powder processing has many advantages over conventional sintering 

techniques. Usually conventional powder metallurgy sintering methods adopt 

a system whereby external heat from a filament or an arc, heats the die from 

the outside and therefore the diffusion of heat is assumed to heat the powder 

up. The process of heating can be inefficient. The powders closest to the die 

may become heated sufficiently, however the powder in the centre of the die 

may not get enough heat to cause fusion. This inefficiency causes the major 

problem of voids in the case of fully solid materials. Materials that have voids 

when they are supposed to be dense have lower strength properties for 

structural uses. Porosity of the material can be an advantage when it comes to 

ingrowth of tissues, however for bearing surfaces in hip replacement devices 

no porosity should be present. Electric current assisted sintering has been one 

of most advantageous powder processing techniques to achieve enhanced 

properties, with the most common method being SPS. 

 

SPS produces highly dense materials with minimum grain growth. This is 

achieved by a pulsed electrical current heating the material while applying a 

pressure to compact the powdered material [Shen et al. 2003; Yan et al. 2005]. 

The powder is heated via the Joule effect, as the electrical discharge from the 

spark in the gap causes the powder to deform and fuse together [Tokita 1993]. 

This process has the ability to densify nanopowders, in order to produce 
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microstructures with finer grains and superior mechanical properties [Johnson 

1991; Gao et al. 1999]. It has been used to produce various metallic alloys, 

ceramics and composites for functional and structural uses [Yoritoshi et al. 

2005; Munir et al. 2006; Inam et al. 2008; Dusza et al. 2009].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: SPS facility by FCT Systeme, Germany, (a) SPS facility at Queen 

Mary, University of London, UK and (b) SPS at 1800°C [Inam 2009] 
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In this study, all the samples were SPSed in a HPD 25/1 furnace by FCT 

Systeme, Germany (Figure 3.1). The current set up at Queen Mary, University 

of London allows samples of up to about 80 mm to be produced with sintering 

temperatures up to 2200°C. Details of the graphite parts and their assembly 

are shown in Figure 3.2. The furnace has an optical pyrometer above the 

furnace and focussed inside a hole in the top graphite punch (Figure 3.2). 

Typically, the voltage applied between the upper and lower punches is in the 

order of a few voltages and the current can be as high as a few thousand 

amperes. Graphite dies were lined with graphite paper (Le Carbone, UK, 

thickness: 0.38 mm) before pouring powder in them. It was used to prevent 

direct contact between graphite parts and the powder and to guarantee 

electrical contacts between all parts. Graphite dies were covered with carbon 

insulation (SGL, UK, thickness: 7mm) to avoid heat loss during SPS 

operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Cross sectional view of carbon die set [Inam 2009] 
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3.3.1.2 Furnace 

The furnace used to conduct the heat treatment testing was a UAF 16/5 Lenton 

Themal Design Ltd, UK furnace. The furnace has an output power of 5kW 

and a maximum operating temperature of 1600°C. The furnace is equipped 

with a temperature/programme controller (Eurotherm 2216) that can set 

specific temperature dwell times and heating ramps. These furnaces are 

equipped with a low thermal mass ceramic fibre insulation and silicon carbide 

elements. The element enables heat to be radiated into the sample piece. 

 

3.3.1.3 Incubator 

Memmert D91126 (Memmert GmbH, Germany) incubator was used to keep 

the temperature at 37°C for the metal element leaching experiments. 

 

3.3.2 Equipment used for characterisation of the compacts 

3.3.2.1 Optical microscopy 

The Nikon Eclipse ME300 microscopy is an optical microscopy that utilises 

light to reflect upon the surface of the samples to be captured by the charged 

couple device (CCD) camera (JVC, Japan) and converted into a digital image, 

using image processing software . 

 

3.3.2.2 Scanning electron microscopy 

Different scanning electron microscopes (SEM) have been used in this project. 

They are: 

 FE-SEM; FEI Inspect F 

 Hitachi S-3400N 

 JEOL JSM-6301F 

 

The SEM is a high powerful microscopy intended for use to produce high 

resolution images at higher magnifications. This uses electrons to interact with 

the surface of the sample and then be scattered off, captured by a detector and 

converted into a digital image. 
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The SEM consists of seven components: a vacuum, beam generation, beam 

manipulation, beam interaction, detection, signal processing, and display and 

record system. 

 

A vacuum is essential to the system as the electron beam produces electrons, 

these will interact with other molecules and disperse in random directions. 

The vacuum creates an environment where as many gas molecules present are 

removed; therefore the electrons have limited number of molecules to interact 

with before reaching the sample. The electron beam generates the electrons 

required to interact with the surface of the sample. The electrons are formed 

from an electron gun, which consists of a filament of tungsten wire, 

lanthanum crystal or cerium hexaboride, a grid cap (Wehnelt Cylinder), which 

control the flow of electrons and a positively charged anode plate that pulls 

and accelerates the electrons down to the sample. The beam manipulation is a 

system that consists of electromagnetic lenses and coil that control the size, 

shape and position of the electrons towards the sample surface. The beam 

interaction is the interaction of the electrons with the sample and the signals 

generated after interaction. The electrons travel into the sample and interact 

with particles within the sample or upon the sample surface. The electron once 

interacted will scatter into a random direction. The interacted electron may 

also scatter out other events, such as back-scattered electrons (original 

electron), secondary electrons (electron excited from the specimen), X-rays 

(electron dislodges an electron of the sample from its orbit and X-rays are 

released due to the energy change), cathode luminescence (light scattered out), 

specimen current (electron absorb) and transmitted electrons (electron passes 

through). The detection system consists of many detectors attempting to 

capture the electrons that have interacted with the sample. Different detectors 

pick up different signals. The signal processing system, converts the signals 

received from the detectors into a digital image. Display and recording 

system, enables the user to view the processed signals as an image and using 

software can save the image. 
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It can be seen, that the sample preparation is key to the achieving a good 

quality image. For conductive materials the samples are ready to be visualised 

by the SEM, for non-conductive materials, coating is required to make the 

surface conductive. For liquid samples adequate drying is required to ensure 

no water molecules remains which will reduce the resolution of the image. 

 

3.3.2.3 Electron dispersive X-ray analysis 

This is coupled to the SEM for analysis of elements or chemical 

characterisation. The electron dispersive X-ray analysis (EDX) relies on the 

fact that each element has a different atomic structure and so X-rays that are 

given off from each element are identities specific to that element, therefore 

analysing the X-rays that are given off from the element would enable the 

ability to distinguish which element is present.  

 

As mentioned before, the electrons that enter the sample can also emit X-rays 

once it has interacted with the sample. The electrons enter the atom of the 

element present within the sample. The electron then dislodges an electron 

from an inner shell of the elemental atom. Once that electron has created a 

space, an electron from a higher shell with higher energy replaces the inner 

shell lower energy electron and emits a beam of the difference in energy in the 

form of an X-ray. The X-ray now carrying the difference of energy of the two 

shells, once captured in a detector can be analysed through the energy to 

identify which element it came from, therefore characterising that element 

existing in the sample. 

 

3.3.2.4 Philips defractometer 

X-Ray diffraction (XRD) analysis of phases in the powders and the alloys 

were conducted using a X’PERT PRO (Philips) defractometer. Around 95% 

of solid materials have a crystalline structure. When X-Rays are fired at the 

material, phases interact with the rays and produce a diffraction pattern 

identifying the phase present. Hull, explained that “each crystalline substance 
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gives a pattern; that the same substance always gives the same pattern; and 

that in a mixture of substances each produces its pattern independently of the 

others” [Hull 1919]. The X-ray patterns can be classified as the “fingerprint” 

of the crystalline materials [Snider 1992].  

 

The theory behind this system is explained: 

 

When an X-ray is fired at an atom, the electrons surrounding the atom begin to 

oscillate at the same frequency as the X-ray beam. The resultant is the 

distribution of waves which interfere with each other and so no energy is 

released. Atoms in a crystal are orientated into a regular pattern and as the X-

ray interacts with the atoms, beams are produced that exist in different 

directions, with some in very specific directions. The crystal unit cell is made 

up of interplanar spacing made up of h, k, l indices. These indices give the 

order of atoms in the unit cell. As the X-rays with a specific wavelength 

reflects off the plane of atoms in the unit cell, the X-rays are diffracted with 

the same wavelength into a specific path depending upon the d spacing of the 

atoms and the angle of the incident rays . This relationship was defined as a 

mathematical model by Bragg in 1913, known as Bragg’s Law. 

 

 

Bragg’s Law is defined as:  

 

 

d is the spacing  between diffracting planes, θ is the incident angle, n is any 

integer and λ is the wavelength of the beam. 

 

These rays scattered in specific directions appear upon the diffraction pattern 

as spots.  Moseley in 1913 explained that there is a relationship between the 

wavelength of the X-ray emissions and the identity of the element emitting the 

X-rays [Heimann 1968]. This correlated with the amount of an element 
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present in the mixture and the intensity of the spectral lines of that element. 

This was the beginnings of the X-ray spectroscopy.  

 

The setup of the sample holder, the detector and the gearing system is known 

as the goniometer. The distance between the X-ray focal spot and the sample 

holder is equal to that of the sample holder and the detector. If the detector 

and sample holder were in a 2:1 ratio, the detector moves in a circle with a 

constant radius. For a Theta: 2-Theta goniometer, the X-ray tube remains 

stationary, the sample holder and detector move in the Theta and 2-Theta 

range respectively.  For the Theta: Theta goniometer, the sample remains 

stationary in horizontal position, the X-ray tube and the detector both move 

simultaneously over the angular range Theta. The diffraction spectrum 

consists of a plot of the intensities and the Theta or 2-Theta detector angles, 

depending upon configuration of the goniometer.  

 

The peaks of the spectra of the diffraction pattern are identified using the 

International Center Diffraction Data which maintains the database of 

inorganic and organic spectra. Two database (PDF I and PDF II) are 

distributed yearly that provide updated information upon d-spacing, chemical 

formula, relative intensity, particular phases, cell parameters, etc. 

This powder diffraction method is ideal for characterisation and identification 

of crystalline phases in materials. The phases are identified through a search 

and matching system. 

 

3.3.2.5 Leco and CSM Nanoindentator 

The measurement of hardness is usually via the indentation method. For all 

scale of hardness from macro- to nano- the most efficient technique is the 

Vickers indentation method. 
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3.3.2.5.1 Leco microhardness tester 

The microhardness measurements were conducted upon a Leco-M400G 

microhardness tester.  In the 1920s, Vickers, Ltd formed the ability to measure 

hardness of a material using an indenter to deform the surface of a material. A 

diamond pyramid hardness test was developed, which used a comparable list 

of numbers that represent the hardness of steel. The indenter was a square-

based pyramid that formed an angle of 136° from its opposite sides at the 

apex. The diamond was used to indent into the surface of the material at a 

specific load ranging up to 120 kg.f and the imprint left was measured using a 

calibrated microscope. The diameters of the impression at 90° to one another 

are measured and using the formula, the Vickers number can be calculated: 

 

Where F is the applied load, D1 and D2 are the horizontal and vertical 

diameters of the indentation.  

 

3.3.2.5.2 CSM Nanoindenter tester  

Nanohardness measurements were conducted upon a CSM Instruments 

Nanoindentor. Nanoindentation measurement is similar to microindentation, 

where an indenter tip with a known geometry is forced in the surface of 

material. That is the only similarities. The indenter is driven in with increasing 

load up to a pre-set maximum value and then the load is reduced to partial or 

complete relaxation. This process is repeated at different positions upon the 

material and indenter penetration of the material is examined using a 

differential capacitive sensor. A graph is plotted of the applied load against 

indenter penetration for each loading/unloading curve. The load/displacement 

curve can provide data upon hardness and elastic modulus. 

 

To calculate the Indentation testing hardness, using the curves the Oliver & 

Pharr power law method and the following formulae is used [Oliver & Pharr 

1992]: 
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Where hc is the depth of the contact of the indenter with the test piece at Fmax. 

Ap (hc) is the projected area of contact of the indenter at distance hc from the 

tip. Ap is a function of the contact depth hc and is determined by a calibration 

of the indenter tip. 

 

The Vickers Hardness, HV is defined as: 

 

Where Ac is the developed contact area and can be calculated from the 

projected contact area Ap and the indenter geometry as: 

 

 

Where sinα is the angle between the axis of the diamond pyramid and its 

faces. 

 

α= 68° for a Vickers indenter and α = 65.27° for a modified Berkovich 

indenter. 

 

Finally, for a Vickers indenter:    

And for a modified Berkovich indenter :     

 

3.3.2.6 Tribometer 

The wear test was conducted upon a CSM Instruments Tribometer (CSM 

Instruments SA, Switzerland). It tests the material to obtain friction and wear 

data. The objective of the machine is the testing of material to simulate the 

real frictional conditions under functional use. The tribometers range from 

macro to nano. The frictional coefficient is directly measured through the 
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machine, whereas the other data is calculated after the test. There are various 

controllable parameters, the applied load, the speed, the static partner and the 

environmental conditions. i.e. humidity, temperature, lubricant, vacuum. 

 

The most conventional wear testing configuration is the pin-on-disk, where a 

cylindrical pin is rubbing against a flat sample disc. The pin can be replaced 

with a ball that changes the configuration into a ball-on-disc, but the 

measurement is exactly the same. During the wear testing, there is a running 

in phase at the beginning of the test due to the uneven nature of the sample, 

after a period of time, a steady state phase develops which indicates the actual 

frictional activity of the test. In the running in phase, the uneven sample 

surface has a low number of asperities, as the surface becomes broken down 

by the pin or ball resulting in a more asperities in contact, the test runs 

smoothly. 

 

The wear rate of the sample is measured using a profile of the wear track. The 

wear track will indicate the amount of material loss, through that the wear rate 

can be calculated using the formula: 

 

Vi = ki F  s [Archard 1993]  Equation 1 

 

Where is Vi the wear volume, F is the Normal load, s is the sliding distance 

and ki is the specific wear rate coefficient. 

 

The wear rate of the partner (in this case was a ball), is calculated using a wear 

profile of the surface ball and using the formula: 

 

where h is the height of the worn cap of the ball, R the radius of the ball and d 

the diameter of the worn cap. 
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Using this formula, the volume V can be calculated and reused into equation 

1: 

 

Therefore replugging into Equation 1: 

 

 

 

The other method of calculating wear rate through the amount of mass loss, 

using a highly sensitive balance and the density of the materials. However, 

this method is limited to the measurement of the balance and the accuracy of 

the density of the materials.  

 

3.3.2.7 Conscan profilometer 

Conscan profilometer (CSM Instruments SA, Switzerland) was used to 

conduct a scan over the surface of the metal samples for surface roughness 

and for the wear track profile. 

 

For surface mechanical property measurement, the topography is very 

important, as it will give an indication of the behaviour of the material. 

Therefore, surface characterisation of the topography is essential before 

mechanical analysis. 

 

The CSM Instruments Conscan, uses a raster scanning confocal light 

porfilometer to analyse the surface topography. In confocal profilometry, the 

basic principle of analysis of the surface is using chromatic aberration. Using 

white light and directing it towards the surface of the sample through a 

filtering optical component, the chromatic aberration can be used to separate 

the light using a dispersive lens into various wavelengths, which represent a z-

coordinate in the optical axis. This transforms the visible light spectrum into a 
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z-coordinate as a ratio of the distance to the lens. As each wavelength of light 

reflects of the surface of the sample and returns to the lens, the variation of 

height of the sample at varying focal point produces a variation in the light 

wave. Therefore, the return wave can be used to correspond to a given height 

represented by z-height. Using a specific lens and specific scan area, raster 

scanning can form a large image of the micron lateral resolution and 

nanometer vertical resolution. 

 

Using this technique the surface roughness of a polished sample, the wear 

track properties for Tribometer analysis and plastic deformation analysis of 

the material can be measured. 

 

3.3.2.8 Nanosight 

The particle size analyser used was the LM10-HS (Nanosight, Wiltshire, UK). 

This particle analyser allows analysis of particles in liquid. The particles can 

be counted and sized and also can perform this analysis upon nanoparticles 

too. It is a newly developed technique and can analyse the particles directly 

and under real-time visualisation. [Carr et al. 2007; Carr et al. 2007a]  

The Nanosight instrument utilises a laser light source to illuminate the 

particles. The near-perfect black background, allows the particles to appear as 

individual entities with point scatter and move under Brownian motion. 

Brownian motion is the random movement of particles in a suspended fluid.  

The motion is captured and analysed using a CCD camera. The software 

involved tracks each individual particle simultaneously, but visualised 

separately. As the particles are analysed separately, the particle size and size 

distribution is not limited as intensity weighted, z-average distribution, which 

usually occurs in conventional particle analysers (dynamic light scattering 

(DLS) or photon correlation spectroscopy) in this nano-range of sizes. The 

Nanosight tracking analysis (NTA) can measure: particle size, particle size 

distribution as a direct number and as a frequency distribution, particle size 
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scattering intensity, which can allow heterogeneous particles mixture to be 

correlated and particle concentration. [Nanosight 2011] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Representation of the technique of the Nanosight machine 

[Nanosight 2011] 

 

3.3.2.8.1 Methodolgy of nanosight 

The technique uses a finely focussed (635nm) laser beam which passes 

through a prism-edged optical flat (Figure 3.3). The refractive index of the 

glass is designed so that the beam refracts through the interface between the 

flat glass and the liquid layer upon it. The refraction causes the beam to be 

compressed into a lower profile and can illuminate the liquid layer to highlight 
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the nanoparticles present, using a x20 magnification objective lens fitted to a 

conventional microscopy with a long working distance. A CCD camera is 

mounted upon the microscopy to capture a video of the field of view of 

100µm x 80µm, operating at 30 frames per second. 

 

The particles moving under Brownian motion are simultaneously identified 

and tracked using the NTA software. Each particle is tracked frame by frame 

through the whole video segment, which are usually 900 frames or 30 

seconds. The software makes calculations, depending upon the data received 

from the video: the average distance each particle moves in x and y directions. 

From these values the particle diffusion coefficient (Dt) is calculated. With the 

sample temperature (T) and the solvent viscosity (η) of the fluid known and 

with the other already obtained data the particle hydrodynamic diameter (d) 

can be acquired. The Brownian motion of the particles is taken in only two 

dimensions (x and y) from the video; however they are actually in three 

dimensional, therefore for this consideration a variation of the Stokes-Einstein 

equation is used to compensate for the dimensions. 

 

 =  =  

Where KB is Boltzmann’s constant. 

 

The particle size limits of the NTA analysis depends upon the particle types. 

The lower limit is dependent upon the particle size and the particle’s refractive 

index. Particles with a high refractive index, such as colloidal gold, are easier 

to track and so the accuracy of lower limit particle size can be down to 10nm. 

For the lower refractive index materials, such as biological molecules, the 

lower limit of particle size determination is between 25-30nm. The upper 

limits are dependent upon the Brownian motion of the particles, as the larger 

the particle size (1-2µm) the more difficult they are to track. For sufficient 

data to be acquired from an appropriate time period (~60 seconds) to give 

2 
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statistically relevant and accurate particle size distributions, the sample 

requires to have between 10
7
 and 10

9
 particles/ml.  Often, due to concentration 

range dilution is required. 

 

3.3.2.8.2 Comparison to Dynamic Light Scattering 

The most common method to analyse particles within a fluid is through 

Dynamic Light Scattering (DLS). The DLS uses a very similar method to 

NTA to analyse the particles through the Brownian motion and the Stokes-

Einstein equation. In NTA, the motion of particles is captured through the 

video, in DLS the particle are analysed through a digital correlator, which 

analyses the time dependent scattering intensity fluctuations. The Brownian 

motion of the particles in the sample gives out fluctuations caused by 

interference effects of the particles with one another and its surroundings. 

Analysis of the resultant exponential autocorrelation function the average 

particle size and polydispersity index can be measured. However, for 

polydisperse particles, the multi-exponential autocorrelation functions cannot 

measure the particle size and polydispersity index accurately. 

 

The main differences between the two techniques: 

 The NTA measure particles in the range of 10-1000nm, the DLS 

measures particle from 1-2000nm 

 NTA can measure all types of particle sizes, DLS is weighted more 

towards larger particle size 

 DLS measures all the particles at once, NTA measures each and every 

one of the particles, but not as many as DLS. 

 NTA can measure multimodal, polydisperse and heterogeneous/mixed 

samples with a high accuracy compared to DLS 

  NTA requires no information upon the angle of detection, the 

wavelength used or the solvent refractive index, where DLS requires 

this to form the data 
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 NTA can provide information upon the particle concentration, DLS can 

not 

 NTA shows the sample directly being generated to validate the particle 

size distribution, the DLS gives all the information once the data is 

collected 

 The number of particles, the intensity of those particles and the size of 

the particles information is provide, DLS only gives the size and the 

polydispersity index 

 NTA can analyse fluorescent nanoparticles as well as non-fluorescent, 

DLS can not 

 

3.3.2.9 Inductively coupled plasma – mass spectroscopy 

Inductively coupled plasma mass spectroscopy (ICP-MS), is an analytical 

technique that is used for identifying elemental characterisations. It is a highly 

sensitive device able to make measurements of concentration down to 

10
12

(parts per trillion) of metals and non-metals.  

 

The inductively coupled plasma (ICP) is a system whereby plasma is used to 

make the gas electrically conductive. The plasma contains ions and electrons, 

which as electrically neutral, as the ions positive charge is balanced by the 

electrons.  In the ICP spectrometry machine, there is a torch which consists of 

three concentric quartz tubes. The torch is placed in an induction coil, which 

has an applied radio-frequency electric current. The plasma gas, which is 

usually argon flows in the outer tubes and an electric spark produces free 

electrons into the gas. The electrons interact with an induction magnetic coil 

and are accelerated in one direction and then the opposite as the field changes. 

The argon atoms and electrons collide with one another and electrons off the 

argon atoms are lost in the process. These new electrons form part of the old 

electrons and repeat the process until the rate of released electrons balances 

the rate of recombination of electrons with argon ions. This process produces 

a high temperature plasma of around 10,000K. The torch enables the plasma 
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to flow in the outermost tubes and away from the wall enabling the ICP to 

remain stable. In the central tubing, a gas is introduced to flow through the 

plasma. This gas contains the sample and is administered as a liquid mist, 

produced using a nebuliser. As the nebulised sample enters the ICP, dissolved 

material is vaporised into liquid vapour, which subsequently breaks into atoms 

of the elements present. Due to the high temperatures, the atoms lose electrons 

and form singular charged ions, which can be measured. 

 

3.3.2.9.1 Mass Spectroscopy 

The ICP can be coupled with mass spectrometry (MS). The ions produced 

from the plasma are passed into the mass spectrometer where they flow 

through a series of cones, called a quadrupole. The ions are sieved out 

depending upon their mass-to-charge ratio and a detector analyses the 

concentration of ion signals. The concentration of the signals is referenced 

against a certified standard for single or multi- element materials. 

 

The ICP-MS can analyse the range of elements with an atomic mass of 

between 7 and 250, which goes from lithium to uranium. Some atomic masses 

are excluded, such as 40 (argon), 80 (argon dimer) and 56 (argon oxide). The 

ICP-MS can measure sensitive of elements from 10 to 100 milligrams per litre 

to nanograms per litre. 

 

 Another chemical analysis device is atomic absorption spectroscopy, this uses 

an atomiser to atomise the sample. The atoms of the sample are then irradiate 

by optical radiation and passed through a monochromator. This splits the 

radiation of the source and the radiation of the element, which can be 

measured using a detector. With atomic absorption spectroscopy, only one 

element can be measured as a time, whereas the ICP-MS measure the whole 

spectrum range from lithium to uranium in one instance reducing time and 

allowing more samples to be analysed. 



Chapter 3: Experimental Details 
 

90 

 

ICP-MS is used extensively in the medical and forensic fields, mainly for 

toxicology. Samples from patients can be collected from the blood, urine, 

plasma and serum and analysed for heavy metal poisoning, metabolic 

concerns and hepatologicl issues. It is also being used in the environmental 

field to analyse soil, water and material samples. In industrial environments, 

the exposure of metals is high and employers are having concerns for high 

metal content, therefore regular metal toxicity analysis is being undertaken 

using the ICP-MS systems. The samples tested in the system are usually high 

in concentration of materials such as clots in blood or solid samples in water. 

This has to be dissolved to avoid clogging in the system and diluents are used. 

 

3.4 Method 

3.4.1 Preparation of sample for alloy compositional analysis 

Metallographic pieces (3 sampels) were cut from the supplied as-cast alloy 

and set in epoxy resin. They were ground and polished using 180P to 4000P 

graded silicon carbide paper, to create an excellent finish to view under the 

SEM. 

 

3.4.2 Preparation for melting point analysis 

Using Harris and Sikkengawork study [Harris & Sikkenga 1999], whereby the 

melting point of the F75 alloy is identified as 1377-1402°C, the temperature 

range was used as a reference to conduct the melting point analysis. 

 

Metallographic specimens (3 samples for each temperature) were cut from the 

sample piece and heated to 1300°C, 1350°C, 1375°C, 1400°C and 1450°C in 

the furnace. Each sample was heated at a rate 5°Cmin
-1

 and allowed to dwell 

for a period of 1800 seconds and cooled to the ambient temperature within the 

furnace. 
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3.4.3 Preparation for heat treatment 

Two cooling methods were used to cool the samples once heat treated. The 

two methods were annealing (cool within the furnace) and normalising (cool 

in air). Metallographic pieces (3 samples for each temperature) were cut from 

the supplied as-cast ally and were heated in the furnace. The range tested was 

800-1200°C at intervals of 100°C. Each sample was heated at a rate 5°Cmin
-1

 

and allowed to dwell for a period of 1800 seconds. One set was cooled in the 

furnace and the other in air. 

 

3.4.4 Preparation for F75 and F1537 alloys  

The F75 and F1537 alloys were supplied in a 20mm x 3mm discs and were 

polished using 180P to 4000P graded silicon carbide paper, to create an 

excellent finish. 

 

3.4.5 Preparation of powder for spark plasma sintering 

 

Table 3.4: Composition of elements for SPS alloy formation 

Element Co Cr Mo 

Composition 66 28 6 

 

50g of the Co–Cr–Mo powder was measured in the 66:28:6 wt% ratio, 

respectively (Table 3.4), and added to a nylon ball-milling pot containing 

zirconia slenders. A process control agent (120 ml ethanol) was added to the 

milling pot and the mixture was milled for 72h. The ethanol reduces oxidation 

and breaks up any agglomerates that may have been formed. The milled 

mixture was removed into a stainless steel pan and heated to 80 C for 24 h to 

evaporate the ethanol, leaving a dry powder. A 250 m sieve was used to 

remove any agglomerates. Cobalt, chromium, molybdenum and ball milled 

powders were examined for confirmation of size using field emission SEM 

(FE-SEM; FEI Inspect F). 
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3.4.6 Conditions for spark plasma sintering 

SPS was performed using a HPD25/1 (FCT Systeme, Germany) furnace under 

vacuum (5 Pa). Batches containing 3.5g of mixed powder were loaded into the 

20 mm diameter cylindrical graphite die. The heating rate was set at  

50°Cmin-
1
 and the cooling rate at 130°Cmin

-1
. Table 3.5 shows the sintering 

conditions that were adopted for each sample. 

 

Table 3.5: Details of SPS sample processing conditions 

 

 

 

 

 

 

 

 

 

 

3.4.7 Characterisation for alloy compositional analysis 

The field emission SEM (FE-SEM JEOL JSM-6300) was used to observe the 

microstructure of the alloy. The FE-SEM was operated at 10kV at a distance 

of 10mm. EDX analysis was used to determine the elemental composition of 

the medical grade Co-Cr-Mo alloy. 

 

3.4.8 Characterisation of heat treated samples 

3.4.8.1 Optical microscopy 

Sample pieces once heat treat were set in epoxy resin and polished using 

silicon carbide paper. An optical microscopy (Nikon Eclipse ME 600, Nikon, 

Japan) was used to observe the microstructure of the specimens. 

 

Sintering Temperature 

/ C 

Dwell Time 

/min 

Pressure 

/MPa 

1050 10 75 

1050 10 100 

1075 10 100 

1100 10 75 

1150 3 75 

1175 3 75 
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3.4.8.2 Measuring carbide phase 

The carbide phase was measured using the optical images and UTHSCSA 

Imagetool 3.0 software. The carbide phase was threshold out and measured as 

a percentage of the entire image to determine the amount of content present. 

 

3.4.8.3 Microhardness 

Microhardness of the samples was measured using a Leco M-400-G hardness 

tester and the Vickers indentation method [ASTM Standard E92 2003]. 

3.4.8.4 XRD analysis 

Phase analysis was conducted upon the annealed samples using X’PERT PRO 

Philips diffractometer operated with CuKα radiation at 45 kV and 40 mA in 

the scanning range of 5–70° with a step size of 0.03° and a scan time of 400s 

per data point. 

 

3.4.9 Characterisation of F75 and F1537 

3.4.9.1 Microstructure and Phase analysis 

The microstructure was analysed using a SEM (Hitachi S-3400N). The phase 

analysis is conducted with an X’PERT PRO Philips diffractometer operating 

with CuKα radiation at 45 kV and 40 mA in the scanning range of 30–90° 

with a step size of 0.03° and a scan time of 400 s per data point. 

 

3.4.9.2 Microhardness and Nanohardness 

Microhardness was conducted upon a Leco M-400-G under Vickers 

indentation method [ASTM Standard E92 2003]. Five measurements were 

taken on the alloys. Nanohardness was measured using a CSM Instruments 

Nano Hardness Tester with a diamond Berkovich indenter with a linear 

loading/unloading rate of 100mN/min and maximum load of 50mN. The 

Nanohardness was calculated through the load/displacement curves and the 

Oliver and Pharr method [Oliver & Pharr 1992]. Five measurements were 

taken on the alloys. 
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3.4.10 Characterisation of SPS compacts 

3.4.10.1 XRD analysis  

The three elemental powders and ball-milled powder were analysed for their 

phase content using an X’PERT PRO Philips diffractometer. For the powder 

the XRD operated with CuKα radiation at 45 kV and 40 mA in the scanning 

range of 30–90° with a step size of 0.03° and a scan time of 400s per data 

point. For the compacts the XRD operated CuKα radiation at 45 kV and 40 

mA in the scanning range of 5–70° with a step size of 0.03° and a scan time of 

400 s per data point. 

 

3.4.10.2 Scanning Electron Microscopy 

The microstructure was observed using the field emission SEM (FE-SEM; 

FEI Inspect F) operated at 10 kV with a working distance 10 mm. Element 

mapping of elements was carried out using an integrated X-ray energy-

dispersive attachment with an EDAX UTW detector. 

 

3.4.10.3 Density 

The densities of the sintered samples were studied using SEM images of the 

surface after thresholding the porosity using UTHSCSA Imagetool 3.0 

software. 

 

3.4.10.4 Measuring the grain structure 

To measure the grains the sample had to be etched. The samples were dipped 

in an etching solution of 25 ml ethanol, 5 ml 1.0 M HCl and 1 g of CuCl2 for 

10 s and rinsed out with acetone to remove any excess etchant [Tang et al. 

2008]. The samples were observed in the SEM and using UTHSCSA 

Imagetool 3.0 software the grains were measured. 

 

3.4.10.5 Measuring the chromium oxide content 

The chromium oxide content was measured using the optical images and 

UTHSCSA Imagetool 3.0 software. The oxide phase was threshold out and 
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measured as a percentage of the entire image to determine the amount of 

content present. 

 

3.4.10.6 Microhardness and Nanohardness 

Microhardness of the samples was measured using a Leco M-400-G hardness 

tester and the Vickers indentation method [ASTM Standard E92 2003]. 

Nanohardness was measured using a CSM Instruments Nano Hardness Tester 

with a diamond Berkovich indenter with a linear loading/unloading rate of 

100mN/min and maximum load of 50mN. The Nanohardness was calculated 

through the load/displacement curves and the Oliver and Pharr method [Oliver 

& Pharr 1992]. Five measurements were taken on the alloys. 

 

3.4.11 Tribological performance 

The F75, F1537 and SPS alloy (sintered at 1075 C, with a dwell time of 

10min and a pressure of 100 MPa) were formed into a 20mm x 3mm disc and 

tested for their tribological performance. 

 

3.4.11.1 Alumina counterpiece 

A 6mm diameter ball of alumina was supplied by Atlas Ball and Bearing, UK, 

for use in the wear test as the counterpart of the discs. 

 

3.4.11.2 Wear test 

Wear test was conducted upon CSM Instruments Tribometer. The discs were 

polished using silicon carbide paper from 120 to 4000P grading paper. The 

initial surface roughness was analysed using a ConScan surface profilometer. 

The average roughness (Ra) was measured at 0.015μm, 0.01μm and 0.01μm 

for the F75, F1537 and SPS alloys, which is lower than the 0.05μm maximum 

recommended by the Standard F732 [ASTM Standard F732 2006]. 

Three samples of each alloy were tested against the 6mm diameter alumina 

ball under the G133 and F732 standards [ASTM Standard G133 2002; ASTM 

Standard F732 2006]. The wear mode was a rotational motion with a 1.5mm 
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radius, linear speed of 0.04m/s and a normal load of 5N. Temperature set was 

37°C with a humidity of 40%. The sliding distance was ~2.4km (250,000 

laps). Both alloys and balls were cleaned with isopropanol before wear testing 

commenced. The lubricating fluid was 25% Bovine Serum with distilled water 

and 0.01% sodium azide. Serum was collected after testing and frozen for 

wear particle analysis. The total wear volume was measured through the wear 

profile. The wear profile was constructed using ConScan surface profilometer. 

Images of the wear track were taken using SEM (Hitachi S-3400N). 

 

3.4.12 Wear particle analysis 

The wear particles were analysed for the size and size distribution using 

Nanosight LM10-HS. 1ml of unfrozen serum collected fluid was diluted 

x100,000 using Pure Water (Rathburn Chemicals Ltd, Walkerburn) and 

measured. Serum analysis for metal element concentration was conducted 

using a high-resolution ICP-MS (Element2; Thermo Finnigan, Bremen, 

Germany). Acid oxidative digestion was used to digest the material within the 

serum for analysis, including the metallic nanoparticles, the proteins and other 

insoluble material. 0.5ml of extracted serum fluid was digested with 5ml of 

nitric acid (Super Purity Solvents grade, Romil) at 100°C for 240 minutes, 

using a dry heating block (DigiPrep, SCP Science, Quebec, Canada). After 

digestion, the remaining fluid is further diluted to 20ml ready for analysis. The 

concentrations of the metal elements are expressed in μg/l. 

 

3.4.12.1 Wear particle shape 

1ml of fluid from the frozen serum of the wear generation debris was placed 

upon a glass slide and sputter coated for 3mins with gold using a sputtering 

machine (Edwards sputter coater S 1 50B) to enable conduction of the sample 

for view using the SEM (JEOL JSM-6301F). The particles were characterised 

using digital image analysis software (SemAfore 5.21, JOEL (Skandinaviska) 

AB, Sweden) for their aspect ratio. Aspect ratio (AR) is a common measure of 

shape, which is the ratio of the major diameter (dmax) to the minor diameter 
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(dmin). The major diameter is the longest straight line that can be drawn 

between any two points on the outline. The minor diameter is the longest line 

perpendicular to the major diameter; AR is defined as: 

 

 

3.4.13 Metal element leaching 

Test conducted under the ISO 10933-12 standard [ISO 10933]. The F75, 

F1537 and SPS alloy were placed in a beaker of 50ml of distilled water and 

placed in the incubator. At time intervals of 24h, 72h and 148h (±1h), 5ml of 

fluid was taken out for elemental content analysis. 

 

3.4.13.1 Metal element content study 

The 5ml fluid removed from the beaker was analysed for its elemental content 

of Co, Cr and Mo. The metal element concentration was conducted using a 

high-resolution ICP-MS (Element2; Thermo Finnigan, Bremen, Germany). 

The fluid is diluted to 20ml for analysis and the concentration of metal 

elements is determined and expressed in μg/l. 

 

3.4.13.2 Microstructure characterisation after leaching study 

The three alloys were examined for their microstructure after leaching 

experiments using SEM (Hitachi S-3400N) and elemental analysis of the 

surface was carried out using the integrated X-ray energy-dispersive 

attachment with an EDAX UTW detector. 
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Chapter 4 

Processing, Microstructure and Phase Analysis 

 

 

4.1 Introduction 

This section gives an insight into the actual orthopaedic alloy used in the 

bearing surfaces of the hip replacement. Heat treatment upon the orthopaedic 

alloy is investigated to determine the effects it has on the microstructure and 

phase analysis. Two commercial medical grade alloys are also characterised to 

determine their microstructure and phases present. A novel processing 

technique is investigated to determine its feasibility to form cobalt based 

alloys and to identify and explained how the microstructure has formed.  

 

4.2 Investigating the current orthopaedic alloys 

Alloys used in clinical applications may be slightly different to the standard 

alloys available in the market. Therefore, evaluating the alloy used in an 

actual orthopaedic device will enable an understanding of the alloy in terms of 

its microstructure and compositional analysis. 

 

4.2.1 Microstructure and Medical Grade 

The microstructure was analysed using SEM and EDX analysis was used to 

determine which medical grade was supplied.   

 

The microstructure of the supplied as-cast Co-Cr-Mo alloy (Figure 4.1) 

consists of a solid matrix (dark background) and secondary phases (light 

phases). There are also tiny black dots scattered within the microstructure, 

these are carbides. 

 

The solid matrix is a soft ductile Co-based matrix. As Co has different 

crystalline structure, HCP and FCC depending upon the casting conditions 
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either structure can form. Usually, the FCC structure is more favourable due 

to the carbides present. The Cr and Mo elements are HCP stabilisers, but they 

form carbides and secondary phases and so have little influence on the crystal 

structure of the Co matrix. Different properties are exhibited depending on the 

crystal structure; the HCP structure with its lower slip systems shows a more 

brittle orientated structure whereas the FCC is more ductile. 

 

The secondary phases are inter-metallic phases. Carbides are complex hard 

phases rich in Cr and Mo. They act as blockers in the movement of 

dislocations to limit slip and plastic flow. Their size and shape depends upon 

the cooling rate and changes in the chemistry. They also affect the mechanical 

properties of the alloy with their presence in grains and at grain boundaries. 

The grain boundary is strengthened by limiting grain boundary migration 

through either the carbide particles preventing sliding action or in high carbide 

regions a grain boundary skeletal network forms to support the load and 

hindering sliding action. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Microstructure of the as-cast supplied Co-Cr-Mo orthopaedic 

alloy, indicated in the diagram are the solid matrix, carbides and the secondary 

phases. 

Secondary Phases 

Carbides 

Solid Matrix 
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Subsequently, EDX analysis was carried out on various positions on the alloy 

via point and box analysis (Figure 4.2). 

 

Table 4.1: Average chemical composition of the elements analysed via EDX 

analysis of the as-cast supplied alloy 

Element 
Average Percentage 

(%) 

Co 65.0 

Cr 29.4 

Mo 5.6 

 

Comparing Table 4.1 values with the composition of the cobalt-based surgical 

alloys (Table 4.2), it shows that the average percentages of the Co, Cr and Mo 

elements lie within the range of the surgical graded alloy F75 alloy. Hence, it 

can be assumed that the supplied as-cast alloy is the F75 Co-Cr-Mo alloy, 

with a chemical composition of Co28Cr6Mo. Also, the microstructure (Figure 

4.1) exhibits the same characteristics found in the as cast F75 alloy [ASTM 

Standard F75 1998]. This will help when comparing properties for subsequent 

work. 

 

Table 4.2: Composition of Cobalt base surgical implant alloys [Davis 2001] 

ASTM 

Specification 

Composition (wt%) 

Co Cr Ni Mo Fe C Other 

F75 Bal. 27-30 1 5-7 0.75 0.35  

F90 Bal. 19-21 9.0-11.0  
3 

(max) 
0.05-0.15 

14-16 

W 

F562 Bal. 19-21 33-37 
9-

10.5 

1 

(max) 

0.025 

(max) 

1 Ti 

(max) 
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4.2.2 Melting point analysis 

To investigate the effects of heat treatment upon the F75 alloy, firstly the 

melting point analysis was required to determine a suitable temperature range 

to study the heat treatment. The work by Harris and Sikkenga which stated the 

melting occurred between 1377-1402°C was used as the reference [Harris & 

Sikkenga 1999]. 

 

The melting point analysis was determined from the state at which melting 

had occurred from a macro point of view, which when observed after heating 

was in the 1350°C sample. Subsequently, looking at the SEM images shown 

in Figure 4.3 one can determined the melting point at a micro point of view 

between 1375-1400°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: EDX analysis of the as-cast supplied alloy using point (a) and box 

(b) analysis. 

(a) 

(b) 
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From Figure 4.3a, the image shows the matrix to be intact and the secondary 

phases still present. Porosity voids begin to appear in the matrix represented 

by the dark dots, indicating that point melting is occurring in certain regions. 

Carbides have disappeared and the secondary phases have become stretched 

and many have disappeared. But an increase of 25°C (Figure 4.3b), the matrix 

and the secondary phases have become highly distorted and damaged and 

larger voids have begun to appear. The secondary phases have significantly 

reduced in size and many have been plucked out either during the polishing 

process or due to the heating. No carbides are present in the structure. With 

further investigation into this work one could narrow the melting point range 

even further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: SEM images of (a) 1375°C and (b) 1400°C heat treated as-cast 

supplied annealed alloy 
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4.2.3 Heat treatment  

Once the melting point was determined this gave a range of heat treatment 

values to investigate. The range 800-1200°C at intervals of 100°C was chosen 

as the microstructures of 1300°C and 1350°C had no significant changes. Two 

cooling methods were applied, one annealing and the other normalising. 

 

Observing the optical images (Figure 4.4) of the annealed alloy, it can be seen 

that the number of carbides increases with temperature until 1100°C and 

suddenly decreases significantly at 1200°C.  From ambient temperature to 

1000°C (Figure 4.4a-d) the carbide content increases gradually and a rapid 

increase can be seen in Figure 4.4e. The maximum number of carbides in the 

image is seen at 1100°C. The secondary phases do not really change much in 

the images, but in Figure 4.4f at 1200°C the secondary phases are significantly 

reduced. The solid matrix does not show any distortion or the formation of 

voids as seen in Figure 4.3. 

 

Observing the optical images (Figure 4.5) of the normalised heat treated alloy, 

shows no significant changes in the carbide content. The carbide content 

remains fairly stable with the increasing temperature. The number of 

secondary phases has increased in 1100 C (Figure 4.5e), but decrease again in 

1200 C (Figure 4.5f). 

 

Relating these observations of the heat treated alloys with the carbide content 

(Figure 4.6 and Figure 4.7), it can be seen they are the similar. The annealed 

alloy (Figure 4.6) carbide content gradually increases from 0.09% at ambient 

temperature to maximum of 0.58% at 1100°C. Suddenly, the carbide content 

decreases to its lowest of 0.05%. The carbide content  (Figure 4.7) in the 

normalised heat treated alloy indicate the carbide content increases from 

ambient temperature of 0.26% but then remains fairly constant to maximum of 

0.37%. The carbide content remain stable at an average 0.35%. 
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Figure 4.4: Optical Images of the (a) ambient temperature, (b) 800°C, (c) 

900°C, (d) 1000°C, (e) 1100°C, (f) 1200°C heat treated via annealing of as-

cast supplied F75 alloy 
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Figure 4.5: Optical Images of the (a) ambient temperature, (b) 800°C, (c) 

900°C, (d) 1000°C, (e) 1100°C, (f) 1200°C heat treated via normalising of as-

cast supplied F75 alloy 
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Figure 4.6: Temperature against carbide content of annealed heat treated as-

cast supplied alloy, with error bars plotted to represent the standard deviation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Temperature against carbide content of normalised heat treated as-

cast supplied alloy, with error bars plotted to represent the standard deviation 

alloy 
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The annealed heat treated alloy shows the classic case of carbide dissolution 

[Clemow & Daniell 1979]. It is known that heat treatment temperatures above 

1160°C, show a significant loss of carbide content as the carbides are 

dissolved into the matrix. The normalised heat treatment (Figure 4.7) results 

contrast the annealing study (Figure 4.6) and other studies where carbide 

content changes with temperature [Caudillo et al. 2001]. It can be assumed 

that the cooling method in air has caused no carbide increase or dissolution 

and no significant changes in the microstructure. The normalising treatment 

has shown to produce scale on the surface due to the higher oxygen content. 

This scale has known to consist of a combination of cobalt oxide and 

chromium oxide [El Dahshan et al. 1975]. It has been known that chromium 

oxide is a protector against corrosion resistance, but it may also provide 

additional protection against microstructural changes usually affected by heat. 

Therefore, the changes in the microstructure usually occur in the cooling 

period and not in the heat period. 

 

4.2.4 XRD Analysis 

The as cast (Figure 4.7a) x-ray diffraction peaks shows the presence of 

precipitates found in the Co matrix. The precipitate identified are  phase, the 

M23C6 and M6C-M12C carbides. The  phase and the M23C6 phases are the 

most common phases found in the F75 alloy [Rosenthal et al. 2010]. The  

phase usually occurs in the alloy with high amounts of chromium and has an 

approximate composition of Co:Cr [Davis 2001]. The M23C6 is the most 

common carbide found in cobalt based alloys. It forms from the metastable  

phase transforming into the M23C6 carbide at temperatures below 1150°C 

[Rosenthal et al. 2010]. 

 

The M6C-M12C is not that commonly found and rarely shows up in the XRD 

of the F75 alloy. But in other cobalt based alloys it shows up more regularly 

[Jiang et al. 1999]. This phase usually occurs in alloys with high molybdenum 

or tungsten content (>6%). The formation is determined by this high 
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percentage known as the “M6C rule” [Sims et al. 1972], in this case as the 

molybdenum content of F75 alloy is lower than 6% (Table 4.2), the carbides 

are considered to occur due to the segregation of the molybdenum in certain 

regions to form the M6C carbide [Yang et al. 2001]. The M6C and the M12C 

carbides have very similar crystal structures and so overlap in their diffraction 

peaks. These results agree with the results in other studies [Weeton & 

Signorelli 1955; Youdelis & Kwon 1983].  The secondary phases indicated in 

Figure 4.1 can be attributed to  phase and the black tiny dots attributed to the 

M23C6 and M6C-M12C carbides. 

 

Increasing the temperature to 800°C (Figure 4.8b) shows presence of the FCC 

Co (γ) phase, the M23C6 and the  phase. The M6C-M12C carbide peak has 

disappeared. This occurs as the M6C-M12C have been known to transforms 

into the more favourable M23C6 carbides during the cooling of the alloy 

[Ramirez et al. 2002]. These results are similar to the study by Mineta et al. 

that showed, increasing the heat temperatures causes the disappearance of 

most of the other phases and only M23C6 and   phase remain [Mineta et al. 

2010]. The γ phase represents the matrix of the alloy. 
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Figure 4.8: X-ray diffraction pattern of (a) ambient (b) 800°C (c) 1000°C  

(d) 1375°C (e) 1400°C Co-Cr-Mo as-cast supplied heat treated alloy 
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Further increasing of the temperature to 1000°C (Figure 4.8c), shows only the 

presence of M23C6 and the   phases. In Figure 4.6, it has shown that the 

carbide content increases, therefore the amount of M23C6 has increased. This 

occurs from the transformation of the  phase into the M23C6 carbides as the 

increased carbon reacts with small  phases to form the favourable M23C6 

precipitate [Rosenthal et al. 2010]. 

 

Analysis of the x-ray diffraction of the onset of melting (1375°C) (Figure 

4.8d) indicates the presence of  and the γ phases. The presence of carbides is 

no more, due to the dissolution of these phases into the matrix at 1160°C 

[Clemow & Daniell 1979]. Figure 4.6, shows the reduction in the carbide 

content attributed to this phenomenon. At higher heating rates it has been 

suggested that M23C6 carbides can transform into  phase [Clemow & Daniell 

1979]. However, the heating rate used in this experiment was much lower. 

The  phase remains as is more stable at the higher temperature above 1150°C 

and cannot be transformed with the lack of carbon present [Ramirez et al. 

2002]. As no carbide phases are present the γ phase is not being 

overshadowed and can be distinguished, also the onset of melting may have 

unstabilised the matrix causing the peaks to become present. 

 

At 1400°C (Figure 4.8e), the only phase present is the  phase as the carbides 

have undergone dissolution and the γ phase may have stabilised. As 

mentioned the more higher the temperature towards complete melting the  

phase remains fairly stable. The precipitates present within the Co matrix are 

ultimately dependent upon the carbide content below the dissolution 

temperature.  
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4.3 A new method to manufacture F75 orthopaedic alloys 

This section describes a new method used to manufacture the F75 orthopaedic 

alloy using nanopowders and SPS. The current research work upon cobalt 

based alloys for orthopaedics has not produced any significant effects upon 

the properties of the alloy to enhance its reputation as a bearing surface 

material. Here, I have investigated the powder processing technique to 

produce the alloy using electrical current technology of heating the powders. 

 

The images of the individual powders (Co, Cr, Mo) and ball milled powders 

are shown in Figure 4.9. The Co and Mo powders are shown to be in the 

nanoscale, the Cr powder is in a much larger scale. This may due to the 

agglomerates that have formed. The ball milled powder (Figure 4.9d) shows a 

thorough mixing of the powders, but there are still some agglomerates present. 

The peaks of the elemental phases are shown in Figure 4.10. In the case of Co, 

oxide peaks are also identified; this is probably because of surface coatings on 

the powder in order to reduce its oxidation and enable safe handling. Ball 

milled powder showed no significant contamination as the peak identified 

only came from the individual element powders (Figure 4.10). 

 

SPS has resulted in the formation of new phases in the bulk material and these 

are identified in Figure 4.12. The phases identified in the SPS alloy differ 

from the phases in the as-cast alloy (Figure 4.10a). The SPS alloy shows the 

presence of FCC Co, Cr, Mo, HCP Co and Cr2O3. The microstructure of the 

SPS compacts is different from that of typical cast or wrought alloys. The 

conventional methods form a Co matrix with carbides distributed randomly 

[ASTM Standard F75 1998], but the SPS microstructure (Figure 4.11) consists 

of a Co matrix with Cr- and Mo-rich regions. Also, from Figures 4.12 and 

4.12, it is clear that the Cr in association with O forms Cr2O3 in the 

microstructure. The necessary O could have come from two sources: from Co 

powder or from the atmosphere during mixing. The Co matrix has both crystal 

structures of Co, the FCC and HCP. The FCC is present from the Co powder. 
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HCP Co structure has been formed because of the martensitic transformation 

[Montero-Ocampo et al. 2002]. Also, Cr and Mo are known to be HCP 

stabilisers.  No carbides are present in the microstructure, which corresponds 

well with the XRD peaks identified in Figure 4.10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: SEM images of powder: (a) cobalt, (b), chromium, (c) 

molybdenum and (d) after ball milling of the three elemental powders together 
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Table 4.3: Details of ball milled SPS sample processing conditions and 

density 

 

 

 

 

 

 

 

 

 

 

 

 

All ball-milled sintered compacts (Table 4.3) were near-full density (>98.1%). 

The compacts had very limited porosity, which is one of the advantages of this 

processing technique. Above 1075°C, melting occurred, whereby small 

droplets appeared at the rim of the die after sintering, which reduced the 

relative density to 98%. During SPS, the powder particles are heated by 

electric discharge action through the electrical current and because of the high 

pressures and rapid cooling, the molten mix is forced outward, forming 

droplets [Tang et al. 2008]. The forced out material would leave gaps within 

the microstructure of the alloy where voids will form. These voids will 

increase the porosity and this can reduce the strengths of the alloy in terms of 

its mechanical properties, which will be analysed in Chapter 5. Also, for hip 

replacement devices the bearing surfaces where these alloys are mainly used 

need to be fully dense otherwise they may not be adequate for their function. 

 

 

 

 

Sintering 

Temperature 

/ C 

Dwell 

Time 

/min 

Pressure 

/MPa 

Density 

(%) 

1050 10 75 99.3 

1050 10 100 99.2 

1075 10 100 99.5 

1100 10 75 98.3 

1150 3 75 98.1 

1175 3 75 98.1 
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Figure 4.10: XRD results of the as received, ball milled and sintered powders. 

Indicated are the various phases present of the powders and compact. 
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Figure 4.11: (a) Typical microstructure with labelled phases prepared by ball 

milling of SPS compact and heated to 1075 C with (b) Co, (c) Cr, (d) O and 

(e) Mo distribution highlighted 
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4.4 Mechanism for the formation of Chromium Oxide in the 

microstructure 

 

It is well known that the surface of components can be treated to produce 

chromium oxide as a protective coating. The chromium reacts with oxygen 

and forms the oxide which is one of the hardest oxides, and has excellent 

tribological properties as well. It is a ceramic that has high corrosion and wear 

resistance with a low coefficient of friction. Currently, to have chromium 

oxide present within the microstructure, the chromium oxide needs to be 

added as a dispersion to enhance the strength of the alloy [Riu et al. 2000]. 

The SPS route requires no added material to form the chromium oxide within 

the structure of the F75 alloy. 

 

4.4.1 Phases 

The three elemental powders were analysed for their phases (Figure 4.12). The 

Cr and Mo powders show only peaks for their expected body centred cubic 

element phase. The Co powder shows the peaks for FCC Co and CoO (cobalt 

II oxide) peaks. The FCC Co peaks are present and not the more 

thermodynamically stable HCP Co due to the FCC phase being the more 

stable phase in nanoparticles, whereas the HCP phase is more stable in larger 

particles [Petit et al. 1999]. The CoO peak is present due to the partial 

passivation of the powders to enable their safer handling. Otherwise, this 

volatile powder in the presence of air can be dangerous due to its high 

reactivity with oxygen. The sintered samples show the presence of all the 

peaks from the powders and also two other peaks: HCP Co and Cr2O3.  

  

The HCP Co formation occurs due to a martensitic transformation [Lopez & 

Saldivar-Garcia 2008]. This phase transformation is difficult to accomplish. 

The martensitic transformation of Co occurs due to cooling from a critical 

temperature. In pure Co, the critical cooling transformation temperature is 

below 417ºC [Montero-Ocampo et al. 2002].  With the addition of Cr and Mo 
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the temperature increases [Sims 1969]. A study by Weeton and Signorelli has 

suggested that this critical cooling temperature ranges from 965 to 1230ºC 

[Weeton & Signorelli 1955]. This range coincides with the operating 

temperature used in this investigation. Certain elements such as Cr and Mo are 

HCP stabilisers, whereas carbides are FCC stabilizers. As no carbides were 

detected in our samples, the production of the HCP phase is favoured by 

increasing stability [Sullivan et al. 1970].  
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Figure 4.12: XRD patterns of powders and sintered compact, (a) chromium 

powder, (b) molybdenum powder, (c) cobalt powder, (d) sintered compact  

 

The formation of the Cr2O3 is explained in the next few sections. 

 

4.4.2 Sintering 

The mechanism behind the sintering of powders in the SPS process is 

primarily due to the ON-OFF pulsed DC current. Due to the conductivity of 

metallic powders and the graphite die, the electrical current can flow through 

the system and heat the powders via the Joule effect. In terms of chromium 

oxide formation, this method of powder sintering via SPS in the presence of 

the cobalt oxide provides a means of producing it. Firstly, in the SPS process, 

the powders are activated through electric current heating. Any coatings or 

impurities present upon the particles are removed or if the surface coatings has 
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a low boiling point in the range of the sintering process, this coating is 

decomposed. The only surface coating present is that of cobalt oxide on the 

cobalt powder. This has a higher melting point (1935 C) than sintering 

temperature and so does not decompose [Young 2001]. Figure 4.13 

summaries the mechanisms involved in the evolution of the SPS alloy 

microstructure. With the activation of the powders, this coating becomes 

active. The other powders, Cr and Mo are activated simultaneously. Due its 

high affinity of O, Cr reacts with the cobalt oxide and displaces the oxygen 

and forms chromium oxide. Any extra minute quantities of O in the graphite 

die can also help the formation of chromium oxide. Thus, the cobalt oxide 

reduces to Co and forms the matrix of the alloy together with the bulk Co 

present in the core of the Co powder 

 

4.4.3 Mapping 

The three metal elements and O are mapped in Figure 4.14. The Co shown 

corresponds to the matrix, the Cr and Mo mapping consists of the particulate 

phases. These particulate phases are produced due to the process not reaching 

total equilibrium as defined by the phase diagram of Co-Cr-Mo system for the 

F75 composition [Gupta 2005]. The equilibrium present in the SPS processed 

alloy is a solid solution of all three metals. The O elemental mapping mirrors 

certain areas of the Cr mapping, indicating that a combination of Cr and O is 

present, which indicates the chromium oxide phase.  

 

 There are individual phases of the chromium oxide and around the edge of 

the chromium rich phase the chromium oxide is visible. The edge-on 

chromium oxide develops as the oxygen cannot get into the centre of the Cr 

rich region, so the oxide phase forms at the edge, similar to the formation of 

oxide film or coating on the surface of alloys. The bulk of the oxide phase 

forms as the smaller Cr rich regions combine with O.  
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Figure 4.13: Diagram illustrating chromium oxide formation within the SPS 

alloy, with a numbered flow map describing the path of reaction to form the 

oxide  

 

The numbers are explained below: 

1. Activation of powders causes cobalt oxide layer to be active 

2. Chromium particles are activated too 

3. The cobalt oxide breaks up, due to the chromium ions’ high affinity for 

oxygen 

4. The chromium and oxygen combine to form chromium oxide 

5. Some of the oxygen combines with other chromium particles to form a 

layer around the chromium rich phases 

6. The cobalt from the cobalt oxide is reduced and together with bulk cobalt in 

the core of the cobalt particles forms the matrix 
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Figure 4.14: Elemental mapping of phases, (a) microstructure of the SPS 

fabricated compact with labelled phases, (b) oxygen, (c) chromium,              

(d) molybdenum and (e) cobalt mapping 
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The milled powder, produces a random distribution of the elemental powder, 

certain areas will have higher content of an element compared to others.  

 

The line scan image (Figure 4.15) shows the presence of Cr, chromium oxide, 

Co and Mo. As the line scan begins from left to right, the phases can be 

identified. In the early stages of the scan, the Cr intensity is high, and the rest 

of the element intensities’ are low, indicating a Cr rich phase is present. 

Continuing with the scan, the O intensity begins to increase with the Cr 

intensity still high, showing a combination of Cr and O present, which is the 

chromium oxide boundary or border edge. The decrease in the O shows a 

reduction in the Cr too at the same stage and the Co and Mo both rises. The 

Mo intensity is the lowest of all the elements, showing no phase has formed, 

but it is present in solid solution in the matrix. The Co intensity increases 

rapidly to indicate the matrix between the chromium oxide boundary and the 

next phase of chromium oxide. Subsequently, the Cr and O intensity increases 

again to represent the small chromium oxide phase, as the scan width is not 

very narrow, the surrounding Co matrix is still picked up and the Co intensity 

only dips slightly. Once the chromium oxide phase is scanned, the intensity of 

both elements decreases rapidly and only the Co and Mo remain, until another 

chromium oxide is identified. 

 

The SPS system can be considered a closed system once the die is placed in 

the holder for sintering. The die is surrounded by vacuum (5Pa), causing no 

external matter to enter the die and form other phases. Also, no carbides were 

formed, as shown in Figure 4.12, indicating no carbon diffusion took place 

from the graphite die to the compact. This enables the O present in the system 

to be freely available and so reacts with the chromium to form oxides. 

 

The chromium oxide formed from the natural oxygen is easy to understand, 

due to the oxygen present and the way chromium readily forms the oxide 

when oxidised at elevated temperatures. The method of formation in the SPS 
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alloy is due to a displacement reaction [Singh & Birks 1979]. The reaction 

that takes place in the graphite die is described below.  

 

4.4.4 Reaction 

Before sintering the three elements Co, Cr and Mo are present with the 

additional cobalt oxide from the Co powder. After sintering, the three 

elements still remain as Co, Cr, Mo and the O from the cobalt oxide is 

displaced by Cr to form the chromium oxide. Since Mo forms no compound 

phases and so has no real influence in the redox reaction, it can therefore be 

removed giving an overall net reaction: 

 

3CoO + 3Cr + Co → 4Co + Cr + Cr2O3 

 

The resulting formation of chromium oxide and no other compounds from the 

reaction coincide with the Ellingham diagram for the various oxides that could 

be produced using these elements [Reed 1971]. The Ellingham diagram 

indicates the most likely oxide phase to form between the elements is 

chromium oxide. 

 

 

In terms of O affinity of the three elements, the order is as follows: 

Cr>Co>Mo [Zimmermann & Ciacchi 2010; Tyurin 2003]. Therefore, 

chromium has the highest affinity for O, indicating that any freely available O 

present will bind with Cr first to form an oxide phase and also any oxides 

present can be reduced to their metal form. 
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Figure 4.15: Line scan of phases and associated intensities of elements,        

(a) microstructure image with line scan and labelled phases, intensity of       

(b) oxygen, (c) chromium, (d) molybdenum and (e) cobalt 
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4.4.5 Effects of Oxides 

The strengthening mechanism in the conventional cast/wrought F75 alloy is 

produced by the carbides. These are usually a combination of chromium and 

molybdenum carbide. These are the hardest phases in the microstructure. 

However, chromium oxide is much harder than the carbides (Table 4.4). The 

Vickers hardness of chromium oxide is approximately twice as hard as the 

carbides. The carbides are known to cause accelerated wear, as they become 

dislodged between the bearing surfaces causing third body wear [Que & 

Topoleski 2000]. 

 

Table 4.4: Properties of the materials and compounds that have been found in 

cobalt based alloys [Davis 1996; Brandes & Brook 1992]. For comparison, the 

average hardness of the SPS alloy is 730HV [Patel et al. 2010]. However, the 

conventional cast/wrought alloy has hardness of 300-480HV [Devine & Wulff 

1975] 

 

Materials 
Density 

(kg/m
3
) 

Vickers Hardness 

(HV) 

Cobalt 8900 1043 

Chromium 7190 1060 

Molybdenum 10280 1530 

Chromium (III) Oxide 

(Cr2O3) 
5220 2898 

Chromium carbide 6680 1200-1600 

Molybdenum carbide 8900 1500 

 

Chromium oxide coatings on these alloys have been investigated to increase 

the wear resistance and due to its high hardness have shown lower wear rates 

compared to other coating materials currently used [Cellard et al. 2009]. This 

produces less wear debris, reduces the amount of osteolysis occurring and 
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improves the life span of the implant. It also has a lower density than the 

carbides and would make the alloy lighter than the current alloys. 

 

Oxides are generally good for corrosion resistance; chromium oxide has been 

shown to be excellent for hot corrosion, due to its ability to withstand high 

temperatures and chemical stability [Sidhu et al. 2006; Whittle et al. 1980]. 

This makes the compound more stable than the carbides to attack from other 

chemicals and heat. The carbides in the microstructure improve strength but 

are known to change due to heat treatment; above the carbide dissolution 

temperature strength is lost due to carbides dissipating into the matrix. With 

the addition of chromium oxide in the matrix, the metallic alloy approaches 

the hardness of ceramic implants. Ceramic implants are known primarily for 

their significantly lower wear rates, due to their extreme hardness and produce 

less wear debris [Clarke 1992; Essner et al. 2005]. 

 

The toxicity of metallic implants is still a problem, as the metal ions have 

deleterious effects upon body tissues, especially surrounding the implant. The 

metal ions interact with the biomolecules and cause immune reactions leading 

to necrosis or damaged tissues [Hanawa 2004]. The metallic ions released 

from these cobalt-based alloys are usually more cobalt and chromium [Yan et 

al. 2008]. As chromium oxide is present in the microstructure, some of the 

chromium is now associated with the oxygen and due to the oxides 

insolubility in water the compound will not break up and expose chromium 

ions [Deren et al. 1963]. It has also been tested at elevated levels over a 

prolonged period in rats with no toxicity or carcinogenicity being identified 

[Ivankovic & Preussmann 1975]. 

 

In the current cobalt-based alloys, the metal ions are only released once the 

oxidic surface layer is disturbed and stop being released once the layer is 

regenerated [Hanawa 2004]. This layer is composed of oxides of cobalt and 

chromium [Smith et al. 1991]. The additional chromium oxide present 
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provides additional surface resistance and could reduce the release of metallic 

ions. 

 

The materials used in the bearing surfaces of hip replacement devices are very 

specific for their function. This function is enabled through the motion of the 

acetabular cup and femoral head. The subsequent motion is related to the wear 

of the device and this is the main property of the device. This property’s 

performance is measure through tribology. The wearing of the devices results 

in wear particles and debris and by reducing this; the device’s lifespan can be 

increased. The measurement of wear is essential to determine the performance 

of the material for bearing surfaces in hip replacement devices. 

 

4.5 Microstructure and Phase Analysis of F75 and F1537 

The F75 and F1537 were evaluated for their microstructure and phase 

analysis. The F75 and F1537 alloy are the most common commercially used 

alloys in hip replacement devices. The F75 alloy is manufactured in the 

traditional casting method. The alloy elements are mixed together and heated 

above their melting point (1350-1450°C) and the molten liquid poured into 

ceramic dies and allowed to cool [Ratner 2009]. The F1537 alloy is 

manufactured using the wrought method. It can be done either hot or warm 

and can be annealed or unannealed. The annealed condition is hot rolled and 

annealed, the hot worked condition is hot rolled and unannealed and the warm 

worked is thermomechanically processed [ASTM F1537 Standard 2000]. 

Their microstructures (Figure 4.17) show similarities due to the similar 

elemental content (Table 3.2). The microstructures consist of a solid cobalt 

matrix with interdentric phases and carbides. The carbides are a combintion of 

either of Co, Cr or Mo and carbon and are denoted as MnCn where M is either 

Co, Cr or Mo and C is carbon. The microstructure and the phases of the F75 

can be different depending on the casting condition. There have been known 

to exist three different types of microstructures depending upon the casting 

conditions. One microstructure forms as a Co-rich matrix with interdendritic 
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and grain boundary carbides. The other two consists of the same phases as the 

first one with either Co and Mo rich sigma (σ) intermetallics or Co based 

gamma(γ) phases [Archard 1953]. The F1537 comes in two types either low 

LC or high carbon HC, depending upon the C content. LC is typically <0.05% 

and HC is typically >0.2% [ASTM F1537 Standard 2000]. The increased C 

content is meant to increase the strengths alloy by reducing dislocation 

movement, therefore the HC alloy has increased wear resistance [Frenk & 

Kurz 1994; Streicher  et al. 1996]. The F1537 alloy used in this study is of the 

LC as indicated in Table 3.2, with the C content <0.05%. XRD analysis of the 

F75 and F1537 alloys (Figure 4.18) show the same phases, they consist of the 

FCC Co, M23C6 and σ phases. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: Co-Cr-Mo phase diagram [Gupta 2005]  

 

Some of the phases formed in the F75, F1537 and SPS alloy coincide with the 

phase diagram of the Co-Cr-Mo (Figure 4.16) [Ragan 1974; Gupta 2005]. The 

phase diagrams for this cobalt system (Co28Cr6Mo) show that at low 

temperatures (~650°C) the most likely phases to form are the HCP Co and σ 

phases. As the temperature increases (~950°C) further the phases likely to 

form are σ, HCP Co and FCC Co phases. Further increase of temperature 
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(1200°C), the γ Co phase is most likely and further increase to 1300°C the 

same γ phase is the most likely to form [Rideout et al. 1961; Darby & Beck 

1955]. In terms of the F75 and F1537, these are the phases that are mostly 

found in the microstructure, however, the addition of C makes carbides and 

gives more favourability to the formation of FCC Co phases (γ), rather than 

the more thermodynamic HCP Co phase formed at the low temperature ends 

[Petit et al. 1999; Sullivan 1970]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: SEM images of the microstructure of the (a) F75 and (b) F1537 

alloys before wear testing with phases labelled 
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In terms of SPS, as no carbides are present the most likely phases to form are 

the γ, HCP Co and σ phases or a combination of these. However, only some of 

these phases form, such as HCP Co and γ.  As there is no carbon present HCP 

Co is also present as well as the γ cobalt. The rich Cr and Mo phases form as 

the solubility of the Cr and Mo seems to be low in the SPS alloy, whereas in 

the Co-Cr and Co-Mo phase diagram under the SPS sintered conditions the Cr 

and Mo are highly soluble and form γ phase [Massalski 1990]. With C present 

these phases are made less soluble as the C binds to form the carbides [Peissl 

et al. 2006]. The formation of Cr2O3 as described in Section 4.4 and is unique 

to the SPS system. The Co powder used to form the alloy is passivated with O 

to enable safer handling as it is very volatile when exposed to air. The unique 

sintering technique of the SPS provides the means for the formation of the 

Cr2O3 phase, as the oxygen from the Co powder is displaced by the Cr due to 

its higher affinity for oxygen and the formation of Cr2O3 within the 

microstructure proceeds, and this a very favourable according to the 

Ellingham diagrams [Zimmermann & Ciacchi 2010; Tyurin 2003; Reed 

1971]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: XRD phase analysis of F75, F1537 and SPS alloys with phases 

labelled
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Chapter 5 

Properties 

 

 

5.1 Introduction 

This section describes the properties of the alloys processed and supplied. The 

heat treatment conducted in Section 4.2.3, is evaluated for its hardness. The 

SPS compact formed in the Section 4.3 is evaluated for its grain size, hardness 

and tribological performance against two commercial used orthopaedic alloys, 

with their initial hardness being measured too. The wear particles generated 

from the tribological testing are evaluated for their size, size distribution, 

elemental content and shape. Metal element leaching studies are conducted 

upon the SPS processed alloy and the two conventional manufactured alloys to 

evaluate the elements that are being leached and the performance of the alloys 

for their application. 

 

5.2 Heating treatment Properties 

The annealed and normalised heat treatment alloys were tested for their 

microhardness. The annealed alloys (Figure 5.1) showed an increase in 

hardness from 296HV to its maximum of 565HV at 1100°C. Above 1100°C, 

the hardness decreases dramatically. The normalised alloys (Figure 5.2) 

showed a slight increase in the hardness to 363HV and remained fairly 

constant, with a maximum hardness of 383HV. The hardness values coincide 

with the ones in similar studies [Cawley et al. 2003]. 

 

The hardness of the alloy in the cobalt based alloys is meant to be influenced 

by the carbide content. Comparing Figure 5.1 and 5.2 with Figure 4.6 and 4.7, 

the carbide content of both annealed and normalised heat treated alloys have 

similar trends indicating that this phase has an influence on the hardness. This 

theory, of carbide content influencing the hardness has been known [Dobbs & 
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Robertson 1982]. This is due to the fact the carbides provide the main 

strengthening mechanism by reducing dislocation movement and 

strengthening the alloy [Dobbs & Robertson 1983]. Therefore, the decrease in 

the hardness in the annealed alloy at 1100°C, must be due to the carbide 

dissolution that occurs in the alloy in that temperature range. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Temperature against hardness of annealed as-cast supplied heat 

treated alloy 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Temperature against hardness of normalised as-cast supplied heat 

treated alloy 
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5.3 SPS alloy Properties 

 

5.3.1 Grain size and Hardness 

The grain size and hardness of the SPS alloy are indicated in Table 5.1. 

 

Table 5.1: Details of ball milled SPS sample processing conditions, grain size 

and hardness. 

 

 

 

 

 

 

 

 

Compared with the conventional processing methods, which produce samples 

with a grain size of approximately 7 μm [Salinas-Rodriguez & Rodriguez- 

Galicia 1996], the SPS compacts originating from nanopowders have a much 

finer grain structure, as indicated in Table 5.1, and this is beneficial for 

achieving high strength and high toughness products. The grain structure 

produced via SPS produces grain of a maximum of 1.5 μm, which is 

significantly less than conventional. The use of rapid heating and cooling in 

SPS limits the increase in grain size. Increasing the temperature above 1075°C 

where melting and resolidification is accompanied by an even slightly lower 

grain size of 1.0 μm. The variation of hardness and grain size as a function of 

sintering temperature shows similar profiles (Figures 5.3 and 5.4). Compared 

with the conventional routes of forming similar materials, which result in a 

hardness of 300–480 Vickers [Devine & Wulff 1975], the SPS compacts are 

much harder, as indicated in Table 5.1. The increase in the sintering 

temperature increases the average hardness of the compact initially (Figure 

5.4). However, above 1075°C the hardness decreases, probably because of the 

Sintering 

Temperature 

/ C 

Dwell 

Time 

/min 

Pressure 

/MPa 

Average 

Grain 

Size / m 

Average 

Hardness 

/Vickers 

1050 10 75 1.3 742 

1050 10 100 1.2 754 

1075 10 100 1.4 797 

1100 10 75 1.0 707 
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melting observed and melting reduces the density of the alloy and increased 

porosity is known to reduce strength. The maximum average hardness 

achieved was 797 Vickers, and this must be owing to a combination of factors 

such as fine grains and the distribution of the oxides in the microstructure. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Variation of grain size as a function of sintering temperature of the 

SPS compacts 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Variation of hardness as a function of sintering temperature of the 

SPS compacts 
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5.3.2 Chromium Oxide 

The chromium oxide content is measured in the microstructure of the SPS 

sintered compacts and shown in Figure 5.5. As the sintering temperature is 

increased the oxide content increases to 17% from 15%, however it begins to 

fall dramatically to 12% and then to 8%. 

 

Comparing, Figure 5.5 and Figure 5.4 it can be evaluated for the influence of 

the oxide content on the hardness. Like the carbide content of the heat treated 

alloys it can be observed that the chromium oxide content with increasing 

temperature has a similar trend to the SPS compact hardness with varying 

processing temperatures. The oxide phase being the hardest in the SPS alloy 

shows it has the greatest influence. This can be critical in being able to make 

an alloy of significant hardness, however due to the brittle nature of the phase 

as it is a ceramic, having too much present can make the alloy more brittle and 

prone to sudden fracture, which may not be ideal in a predominantly wear 

functional application. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Variation of Chromium oxide content as a function of sintering 

temperature in the SPS compacts 
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5.4 Tribological Performance 

The most common mode of failure in the hip replacement devices is Wear. 

During wear of materials, wear particles are produced that can become 

dislodged in the bearing surfaces and increase the risk of failure. There are two 

types of wear, abrasive and sliding. Sliding wear is simpler to determine 

through experiments, whereas abrasive requires addition material to be added 

to act as the abrasive. Wear testing of hip replacement devices is usually 

carried out in a hip simulator nowadays as this can simulate the movement in 

the body much more accurately. But to test newly developed materials simpler 

techniques are used usually pin on disk or variations of this such as ball on 

flat. 

 

This section explains the tribological performance of the F75, F1537 and SPS 

alloy against an alumina ball under the G133 and F732 conditions. 

 

5.4.1 Microhardness and Nanohardness  

The micro- and nano- hardness is an important property when evaluating the 

tribological properties of the material. It gives an indication of the resistance 

of the alloy in terms of wear as the two properties are directly related [de Mol 

van Otterloo & De Hosson 1997]. The microhardness of the material is an 

indication of the hardness of the surface of the material as the indenter 

penetrates through the first few micrometres of the surface. The nanohardness 

is usually used to measure the hardness of thin films and the interaction 

between the coated films upon a substrate [Sun et al. 2008]. In this case, it can 

indicate the hardness of the individual phases and any passive oxide film upon 

the surface [Pang et al. 2001; Dourandish et al. 2008]. 

 

The micro- and nano-hardness are shown in Figure 5.6 which indicates that 

the SPS alloy has the highest micro and nano hardness. This explains that the 

microstructure is very hard upon the surfaces and through the top of surface. 

The nanohardness due to the small area of resistance measured can measure 
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the hardness of individual phases. As indicated by the standard deviation, the  

F75 and F1537 have small standard deviations indicating that the 

microstructure is uniform in terms of the its hardness. The standard deviation 

of the SPS alloy is much larger due to the variations of the hardness. The 

phases within the microstructure have different hardness; within the F75 and 

F1537 the hardness is correlated to the carbide content as these phases are the 

hardest phases found in the microstructure [Dourandish et al. 2008]. For the 

SPS alloy the much high hardness is attributed to the formation of the Cr2O3 

phases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Microhardness and Nanohardness of F75, F1537 and SPS alloys 

before wear testing 

 

This phase is a ceramic material that exhibits high corrosion resistance and 

high wear resistance, ideal qualities for a hip replacement device [Cellard et al. 

2009; Sidhu 2006; Whittle & Stringer 1980]. Compared tiny carbides this is a 

larger phase and therefore can influence the hardness. The Cr2O3 hardness 
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(2898 Vickers) compared to the hardness of the carbides (1200-1600 Vickers) 

formed in the F75 and F1537 is much higher, therefore the oxide in the 

microstructure gives the alloy a higher hardness [Davis 1996; Brandes & 

Brook 1992]. The Cr and Mo rich phases also help in increasing the hardness 

as they can act as solid solution hardeners hindering dislocation movement. 

The HCP Co phases has been known to have fewer slip systems compared to 

the FCC Co, with lower number of slip systems the dislocation movement is 

limited and this can increase the hardness [Buckley 1976; Ratner et al. 2004]. 

The nanohardness measurements of the three alloys is higher than the 

microhardness measurements due to the formation of passive oxide layers. In 

all three alloys, due to the presence of Cr the formation of passive layer 

consists majorly of Cr2O3, and some minute oxides of Co and Mo [Kocijan et 

al. 2004]. This oxide as mentioned has extreme hardness and therefore the 

nanoindentation measurement would have this film taken into consideration as 

it forms around the surface of the alloys. Due to the relationship between 

hardness and wear, the SPS alloy should have the lowest wear rates and least 

amount of material loss.  

 

5.4.2 Wear and Friction Coefficient 

The total material volume loss due to wear is shown in Figure 5.7. This shows 

that the two conventional manufactured alloys have a much higher volume 

loss of material compared to the SPS alloy. This can be related back to the 

hardness in Figure 5.6. The higher hardness alloy exhibits lower loss of 

material, as the microstructure is more resistance to the wear. This material 

loss can be translated into a wear rate coefficient and shown in Table 5.2. This 

rate expresses the amount of wear material loss, over a specific distance, under 

a specific load. The wear rates show that SPS has the lowest wear rate. 

 

Table 5.2 also shows the friction coefficient. The low friction coefficient of 

the SPS alloy indicates that the contact between the surfaces has a low 

resistance to friction. The lower friction resistance will provide smoother 
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contact between the surfaces and therefore reduce the wear. The friction 

coefficient graphs are shown in Figure 5.8.  The SPS alloy also has the lowest 

coefficient of friction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Wear material loss of the F75, F1537 and SPS alloys after wear 

testing 

 

Table 5.2: Wear rates and friction coefficient of the alloys after wear testing 

Alloy 
Wear Rate 

(x10
6
 mm

3
/Nm) 

Mean Friction 

Coefficient (μ) 

F75 1.0 (0.26) 0.18 (0.009) 

F1537 2.6 (0.30) 0.21 (0.003) 

SPS 0.2 (0.002) 0.17 (0.002) 
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The friction coefficient has a large influence on the wear rates as can be seen 

in Table 5.2, they complement each other. Having a higher friction coefficient 

gives higher wear rates as the two surfaces in motion have increased friction 

and therefore a larger resistance to movement. For smooth motion between 

surfaces a low friction coefficient is beneficial as it can prevent friction 

forming and provides a low energy surface [Streicher et al. 1996]. It also 

prevents the friction to cause phase changes due to point heating as the cobalt 

based alloys are known to undergo phase changes after wear from a FCC 

phase to a HCP phase due to strain induced deformation [Varan et al 2006; 

Salinas-Rodriguez & Rodriguez-Galicia 1996]. The increased friction can 

cause the surfaces to become fused due to the heat produced during wearing 

and the sudden movement could remove large amounts material. The friction 

coefficient graphs in Figure 5.8 show how the friction coefficient changed 

during the wear test. In Figure 5.8, all graphs have a small amount of run-in 

phase after which the steady state phase is formed. The F75 and F1537 (Figure 

5.8a, b) have more “noisy” lines, as the friction coefficient fluctuates during 

the test, indicating that the test runs less smoothly. The SPS alloy (Figure 

5.8c), has a smoother line in the steady state phase, indicating that during the 

test the friction coefficient remained fairly stable and the motion between the 

surfaces was smooth. 
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Figure 5.8: Friction coefficient (μ): (a) F75, (b) F1537, (c) SPS alloys during 

wear testing 
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In hip replacement devices, one of the major failures is due to the aseptic 

loosening of the implant and this is related to the wear debris and high 

coefficient of friction [Sundfeldt et al. 2006; McGee et al. 2000]. The wear 

debris when still circulating near the region can become entrapped between 

the bearing surfaces and during motion this accelerates wear. This 

phenomenon is known as abrasive wear. The other form of wear that usually 

occurs is sliding wear, where no abrasive particles are involved.  The images 

of the wear track (Figure 5.9) show the type of wear that has occurred. F75 

and F1537 (Figure 5.9a,b) show small areas of abrasive wear, where small 

grooves can be seen identifying the marks of the particles that may have been 

entrapped between the surfaces, which is common in wearing of these 

materials, where the actebular cup or femoral head show large striations upon 

the surfaces indicating large amount of abrasive wear [St. John et al. 2004; 

Doorn et al. 1998].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: SEM images of the wear tracks: (a) F75, (b) F1537, (c) SPS alloys 

after wear testing 
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The SPS alloy (Figure 5.9c), has no distinctive marks of abrasive wear 

indicating that only sliding wear may have occurred upon the alloy. With the 

SPS alloy having lower wear rate and coefficient of friction compared to the 

other conventional manufactured alloys, the amount of wear debris produced 

is less and therefore the risk of aseptic loosening is reduced. 

 

The wear profile of the three alloys is shown in Figure 5.10. The cross 

sectional view can be used to determine how the wear has occurred. While the 

wear track image shows only the top surfaces with the grooves and other 

defects, the wear profile can indicate the amount of material loss, due to the 

area under the surface and the profile of the wear erosion. The F75 and F1537 

wear profiles’ are very similar, and show a U bend shape, probably due to the 

hard alumina ball wearing upon the surface. The softer material enables the 

harder ball to penetrate deeper into the surface, and the shape of the curve can 

be attributed to the alumina ball.  The F1537 alloy has a lower and wider depth 

indicating that it is softer material compared to the F75, which can be 

confirmed by the hardness results (Figure 5.6). The wear profile of the SPS 

alloy has a shallower depth and is not so rounded off at the end, indicating that 

the material is being worn away more steadily, instead of being gauged 

completely out, representing a harder alloy. 
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Figure 5.10: Wear track profile: (a) F75, (b) F1537, (c) SPS alloys 
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5.5 Wear particle analysis 

5.5.1 Size and Size Distribution 

The wear debris particle size of the alloys is shown in Table 5.3. The SPS 

alloy shows the smallest particle size with the smallest standard deviation. The 

SPS alloy shows the narrowest size distribution indicating the particles are of 

more monodispersed size compared to the size distribution of the other alloys. 

These results are similar to the wear debris size and size distribution generated 

in metallic hip replacement devices [Doorn et al. 1998]. 

 

Table 5.3: Wear debris particle size details 

Alloy 
Particle size (nm) 

Mean Standard Deviation 

F75 74 44 

F1537 71 34 

SPS 69 33 

 

The mode of the particle size distribution is in Figure 5.11. In the bovine 

serum there are materials such as proteins, salts and other molecules and these 

have certain sizes (Table 2). The Nanosight LM10-HS measures the particle 

size of all the material present in the solution and therefore, the sizes of these 

materials are also measured. Some researchers isolate the particles using 

reagents that could cause changes to the size of the particles [Schmiedberg  et 

al. 1994; Catelas  et al. 2001]. The wear debris particles size is smaller than 

the other material present and therefore the mode of the wear debris gives a 

clearer indication of the wear debris particle size without the other materials 

measured.  In Figure 5.11a, the mode of particles size for F75 shows some 

peaks at the lower end around 32nm and the main one at 60nm, indicating that 

the particles could be of different sizes. The F1537 mode map (Figure 5.11b), 

has two characteristic peaks at 22nm and 54nm, also indicating different sizes 

of particles. The SPS mode map (Figure 5.11c), has one characteristic peak of 
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50nm, showing that the particles are more of one size than a wider 

“distribution” of sizes.  

 

The smaller the wear debris particles size, the higher the increase in the 

surface area for reactivity with biological material, this can be a positive and a 

negative feature [Yue et al. 2010].  Larger wear debris size is harder to remove 

by the macrophages and therefore requires giant cells to remove the material 

[Pazzaglia  et al. 1985; Murray  & Rushton 1990; Jacobs  et al. 1994]. With 

smaller size particles, the macrophages would find it easier to engulf the 

foreign material ready for excretion. Also, larger material would need to be 

consumed and then transported, increasing the time for excretion and the 

processes involved [Doshi & Mitragotri 2010]. 

 

5.5.2 Shape 

Wear particles generated are of different shapes, from prism-like to needle-

like particles. The shape of the particles can influence their biological activity 

as their surface area can vary and biological molecules may or may not 

interact with the debris. 

 

The debris particles are in two types of shape, either prism or needle shaped. 

The prism (Figure 5.12a-c) are much more spherical and uniform shaped 

compared to the needle-like shaped particles (Figure 5.12d-f).This can indicate 

that during wear testing, the particles generated are either being chipped away 

or being scrapped out. The chipping would represent the prism shaped 

particles whereas the scrapped would indicate the elongated needle-like shape. 
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Figure 5.11: Mode of wear particle debris size distribution: (a) F75, (b) F1537, 

(c) SPS alloys 
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The prism-like particles have a smaller surface area compared to the elongated 

needle shaped. Surface area is an important factor as this determines the 

opportunity of biomolecule interacting with and causing reactions. The higher 

the surface area of the particles, the increased risk of reactions and this 

therefore induces adverse effects with surrounding tissues [Shanbhag et al. 

1994; Campbell et al. 1999].  

 

5.5.3 Elemental Content 

The wear debris elemental content is shown in Figure 5.13. The F75 shows the 

lowest level of Co detected with F1537 indicating the most Co present. The 

SPS shows a higher level of Co than the F75, but the levels of Cr and Mo are 

much lower than the other two alloys. The low Cr and Mo content in SPS 

alloy can be attributed to the present of Cr rich and Mo rich phases and the 

Cr2O3 phase, these phases have a high chemical stability within the matrix 

[Hashimoto et al. 1979; Ma  et al. 2004]. The Cr and Mo found in F75 and 

F1537 is found in the matrix or attributed to the carbides. The carbide 

formation reduces the degradation resistance of the alloy and causes the 

release of metallic ions into the body [Pardo et al. 2007]. The relatively high 

Co content in the SPS alloy is due to less Cr and Mo release.  Most of the 

content of wear debris is made up of Co and this is being detected from the 

particles. The lower overall detection levels from the SPS alloy can be 

attributed to the low wear rates, as less wear debris would be formed and 

therefore less elemental count can be detected.  The level of Co and Cr found 

in the blood and urine of patients implanted with hip replacement devices has 

been a very serious issue for surgeons [Milogev et al. 2005]. 
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Figure 5.12: Wear debris particle of prism shaped: (a) F75, (b) F1537, (c) SPS 

and needle-like particles: (d) F75, (e) F1537, (f) SPS 
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Reactions with their ions and compounds formed within the body have caused 

major problems to surrounding tissues and other organs, such as the kidneys 

and the liver [Case et al. 1994; Michel et al. 1991; Cobb & Schmalzreid 2006]. 

Having the ability of the metallic microstructure to produce low wear rates and 

also be able to release less metallic ions can reduce this overall problem and 

ensure that the implant material for hip replacement devices is safer than the 

current material, causes less immune responses and reducing the risk of failure 

and revision rates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Metal element content of serum after wear testing of F75, F1537 

and SPS alloys 
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5.6 Metal element leaching 

Even though it has been suggested no proof has been shown that indicates 

metallic ions cause damage to the surrounding areas, resulting in sarcomas or 

necrosis [Merritt & Brown 1996]. The release of ions may not be ideal in 

terms of excess amounts of ionic content circulating the human system. All 

metallic materials release metallic ions over time, the limiting of these ions 

would significantly improve the biocompatibility and reduce the risk of failure 

of the implant and enable patients to be satisfied with the new device in the 

long term. The metallic ions are released due to the passivity layers on the 

surface of the material that protect against degradation, becoming broken due 

to the wearing process and the metallic ions are released due to the attack from 

ions within the blood [Hanawa 2004].  

 

Metal ions are atoms or groups of atoms with a positive charge. They either 

form by a reaction or released from the bulk material during exposure to 

certain environments. Ions are usually not deemed to be harmful but depend 

upon the composition. Most ions would try to return back to a stable state, as 

the ions have a high energy and would combine with other material to stabilise 

themselves. 

 

The metal materials used in the bearing surfaces are usually cobalt based 

alloys, which have chromium and molybdenum as other elements in the 

microstructure. Bearing surfaces of the devices are usually in the form of 

metal-on-plastic, metal-on-metal, ceramic-on-plastic and ceramic-on-ceramic. 

The use of plastic has shown that the plastic particles cause osteolysis due to 

the composition of the plastic (UHMWPE). The use of metal has shown to 

release metallic ions during function. The use of ceramic has been deemed to 

be the best due to the extremely low wear rates and no plastic or metals, 

however ceramics are susceptible to sudden fracture and the fabrication of the 

two ceramics in constant motion needs to be very accurate in terms of the 
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shape and roughness and this can be expensive or if wrong cause major 

problems. 

 

The metal ion leaching study results are depicted in Table 5.4. The F75 and 

F1537 alloys show a steady increase in the Co, Cr, Mo element content. The 

SPS alloy in the initial stage shows a very high level of Co count and Mo 

count. The Mo count reduces dramatically over the next 148h showing that the 

Mo may have stabilised in the fluid or the high factor could be due to the 

oxidative degradation used to make the solution. The cobalt in the first 24 

hours is very high. And subsequently falls dramatically over the next 148 

hours. The Cr in the SPS alloy remains much lower than the other two alloys 

and remains fairly stable. This could be interrupted as bad news for the SPS 

alloy due to the concerns over metal ion leaching, as some of this high content 

can be related to having higher amounts of metallic ions floating around the 

blood system ready to interact with biomolecules. 

 

The microstructure of the three alloys may indicate why the high elemental 

counts for the cobalt are observed in the SPS alloy. Figure 5.14 shows the 

microstructure of the alloys after leaching. Compares these to Figure 4.13, the 

microstructures are different. The F75 alloy (Figure 5.14a) has a stretching in 

the sigma phases and carbides are still present. The F1537 alloy (Figure 

5.14b), has not much change, carbides are hardly visible, but this may be due 

to the low carbon content or due to the presence of chromium oxide that may 

have formed during the leaching experiment. The chromium oxide being an 

oxide is non-conductive making it more difficult to visualise the 

microstructure underneath. The SPS alloy (Figure 5.14c) is inherently 

different compared to Figure 4.14; the surface of the alloy has material present 

(Figure 5.15). The microstructure seems to have a film formed on the surface. 

These cobalt based alloy have been known to form a protective surface upon 

the alloy for corrosion resistance. When analysed using EDX (Table 5.5) the 

surface of the alloy have a distinctive oxide formed upon the surface. This 
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oxide consists predominantly of Co and O, indicating a form of cobalt oxide 

has formed during the leaching studies. 

 

Table 5.4: Metal elemental content of leaching studies 

Alloy 

Elements 

Co 

(μg/l) 

Cr 

(μg/l) 

Mo 

(μg/l) 

24h 

F75 96 0 7.5 

F1537 153 0 8 

SPS 1912 0 171 

72h 

F75 110 0.5 6.1 

F1537 193 0.61 15 

SPS 1877.32 0.34 143 

148h 

F75 132 1.14 11.26 

F1537 143 0.99 19 

SPS 1402.72 0.34 4.25 

 

As mentioned films form due to corrosion resistance and therefore it can be 

assumed the cobalt oxide film has formed due to the alloy in the presence of 

distilled water. The cobalt count in the first 24h was really high as the cobalt 

oxide films begins to develop and increases the count of the Co found in the 

fluid. As the oxide surface is formed the amount of cobalt leaching can be 

interrupted to be gradually reduced, showing the reduction in the count of Co 

as the study proceeds. With further increase in time, the oxide surface can 

fully cover the surface of the oxide reducing the Co count and trying to 

achieve stability. 
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Figure 5.14: Microstructure of (a) F75, (b) F1537 and (c) SPS alloy after 

leaching studies, with the F75 and F5137 alloys showing no signs of change in 

the microstructure and SPS alloy having material present on the surface 
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As mentioned in Section 2.11, the way oxidic films develop in different 

environments can be seen through this example. The alloy placed in the new 

environment (distilled water) adapts to the new surroundings. Over time a film 

begins to develop to protect the alloy from attack from species within the fluid 

and forms an oxidic covering. Once formed, susceptible of attack to the alloy 

is reduced.  

 

Using this scenario in the body, the alloy once implanted could form a 

covering of this cobalt oxide and as oxides are known to be non-toxic, due to 

their high chemical stability compared to other compounds, the covering 

would be beneficial. The cobalt oxide would cover the alloy, enabling the 

biomolecules, such as the macrophages, fibroblasts and giant cells to not 

interfere with the surface, ensuring no reactions or biological responses can 

occur. 

 

Table 5.5: Elemental content of EDX analysis upon the microstructure of the 

SPS alloy after leaching 

 

 

 

 

 

 

 

The alloy functioning as it is, produces its wear debris particles and these 

would also slowly form a surface coating of cobalt oxide, ensuring that they 

become less toxic to the cells that are engulfing and transporting them for 

excretion. Also, having surface coating has been beneficial to cobalt based 

alloys. Different coatings have been tried upon the surface to ensure an 

increase in surface hardness and to protect against ion leaching as the surface 

prevents the ion being released. 

Element Average Content (%) 

O 30 

Cr 1 

Co 65 

Mo 3 
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Figure 5.15: microstructure of SPS alloy after leaching studies (a) indicates 

material present on the surface and (b) backscatter image showing areas of 

material present indicated by the light regions 

 

With a naturally forming cobalt oxide coating the same principle can be 

applied, the coating would add hardness to the alloy and reduce the number of 

ions being released. The cobalt oxide coating can also act to reduce the 

coefficient of friction by providing a smoother interaction between the two 

surfaces. The cobalt oxide coating would reduce the contact of the bulk 

(b) 

(a) 
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metallic alloy in contact with one another and ensure the bulk metal substrate 

is not being worn away, leaving more metal stock available and increasing 

longevity. 

 

The elemental content release may or may not be of concern. This mainly 

depends upon the composition and ions being leached out. Some of the ions of 

Co and Cr are known to produce adverse reactions to the surrounding tissues. 

Cr ions that undergo slower oxidation release higher oxidative forms of Cr(VI) 

ions [Langkamer et al. 1992; Merritt and Brown 1996]. These ions are 

carcinogenic and affect the respiratory tract [Zhitkovich et al. 2005]. A 

mechanism of the Cr(VI) ions states that the ion enters cells and becomes 

reduced which produces other Cr ions, Cr(V), Cr(IV) and Cr(III) that combine 

with amino acids [Levina et al. 2006; Moghaddas et al. 1995]. Co ions have an 

effect on macrophages and osteoblasts [Cobb &, Schmalzreid 2006; Fleury et 

al. 2006]. The Co(II) ions causes oxidation and nitration of proteins that  

contributes to cell damage [Petit 2005; Petit 2006; Kitahara 1996]. 

 

5.7 Final Thought 

The work conducted in this thesis can be seen as being revolutionary, as it has 

the potential to change the whole MoM hip replacement industry. This may be 

a bold statement, but the results presented give the impression so far that 

significant improvement to the materials are being made for their desired 

application. The initial work on the hardness measurement shows that the SPS 

alloy is at least twice as hard as the F75 and F5137 alloys. The tribological 

performance shows that the wear rate and coefficient of friction are five times 

lower than the commercial alloys. The elemental leaching of the SPS wear 

particles show that at least two of the elements are significantly lower than the 

elemental leaching wear particles generated from the other two alloys. 

 

These results represent a story that promotes positive news for an alternative 

manufacturing route of cobalt based alloys for orthopaedics. However, much 
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still needs to be considered before this route can be claimed to be superior. 

Some of the future work is reported in the next chapter (section 6.2) that needs 

to be conducted to further the development of this alloy for acceptance. But, 

here are some stumbling blocks that need to considered. 

 

Powder processing can be an expensive route for manufacturing, as the 

powders purchased and the equipment used to form an alloy can be costly. 

When purchasing powder in small quantity the price can be high, however in 

the larger quantity the price can be reduced significantly to lower the overall 

cost in the long-term. The Spark Plasma Sintering equipment may be 

expensive at approximately £250,000 for the machine, however with more 

products fabricated and the ability to manufacture other alloys, again in the 

long term it could be profitable. 

 

The SPS machine currently can produce diameters of up to 80mm, this is 

sufficient for hip replacement devices with the majority of device diameters in 

the 32-34mm range. The most important factor is the ability for the SPS 

machine to scaling-up from the production of discs to form the hip 

replacement device shape. The femoral head and acetabular cup are unique 

shaped components. There are two ways to form the product, either the shape 

can be machined from an ingot or a near perfect replica shape of the device is 

formed and subsequently finished off by polishing. With the alloy being very 

hard, close to ceramics the chances of machining into shape would be far more 

difficult that to produce a near perfect shape and finish off. Therefore the 

machine specifics would need to be altered to accommodate this shape 

production. The major alteration needed is the shape of the graphite dies, they 

would need to be designed to ensure that the amount of pressure exerted 

uniaxially and the process of sintering remains efficient to form a fully dense 

alloy. 
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The main stumbling block is the perception that MoM materials should be 

disregarded due to the current issues regarding metallic ions and high wear 

rates. The other material used in hip replacement bearing surfaces is ceramics 

and have been deemed more reliable due to lower wear rates and no metallic 

ions formed. However, this class of materials are known to be brittle and 

sufficient long term patient knowledge is available to conclude that ceramics 

are the future. Metallic materials have been used since the beginning of the hip 

replacement device and much knowledge is known about the advantages and 

disadvantages. Therefore, by solving for the disadvantages metallic materials 

can continue to be the future of hip replacement devices. The SPS 

manufacturing route of the orthopaedic alloys has gone some way in 

attempting to solve some of the issues that are currently plighting the MoM 

materials. 

 

These issues could be considered disadvantages over the existing 

manufacturing routes, whereby additional costs and expenditure need to be 

analysed to ensure the product is profitable and also if the SPS manufacturing 

route is actually the “opportunity cost”. However, the initial risk of loss can be 

outlaid by having a product that has properties that are far more superior 

compared to the conventional manufacturing routes and could increase 

longevity for the patient. The increased longevity would enable a higher price 

for the device to be achieved and the product would be deemed more reliable 

for patients, surgeons, industry and the public. 
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Chapter 6 

Conclusion and Future Work 

 

 

6.1 Conclusions 

The work conducted has enabled me to gather an increased understanding of 

cobalt based alloys orthopaedic alloys. This section concludes the work 

carried out to achieve the objective set out in the beginning of this research 

project. 

 

6.1.1 Processing, Microstructure and Phase Analysis 

6.1.1.1 Current as-cast orthopaedic alloy 

An orthopaedic alloy was supplied to investigate the microstructure, 

compositional analysis and conduct heat treatment analysis to determine its 

effects. Using an as-cast alloy, I was able to determine that it was the F75 Co-

Cr-Mo alloy, the most common commercial used orthopaedic alloy. The 

melting point was analysed and determined to be in the range of 1375 C to 

1400 C which corresponded with literature. The microstructure of the alloy 

showed a solid Co matrix with secondary phases and carbides present as 

expected. The XRD analysis on the as-cast sample showed that the secondary 

phases and carbides were σ and M23C6 & M6C-M12C phases respectively. 

 

6.1.1.2 Heat treatment 

Using two different methods of heat treatment it was possible to show that 

post processing conditions can affect the microstructure of the cobalt based 

orthopaedic alloy. In anneal heat treated alloy, the microstructure changed 

from the room temperature to 1100°C, the carbides increases visually and 

above 1100°C the number of carbide decreased dramatically. The normalised 

heat treated alloy showed no significant visual signs of change in the 

microstructure, apart from in a slight increase in the secondary phases at 
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1100°C, but it decreases at 1200°C. The observations made upon the 

microstructures are well complimented with the carbide content of the heat 

treated alloys. The annealed alloys indicates an increase in the carbide content 

gradually up to 1100°C and decrease dramatically and the normalised alloy 

shows no real change in the carbide content, with the level remaining fairly 

constant. The carbide changes are attributed to carbide dissolution, the 

temperature of around 1160°C, where the carbides in the microstructure are 

dissolved into the solid matrix and appear to have vanished. The XRD 

analysis of the heat treated alloy coincides with the observation of the 

microstructures. At the temperature of 1000 C the XRD analysis confirmed 

that the M23C6 carbides remain present in the microstructure. Beyond that, it 

showed that the only phase present was σ phase indicating a loss of the 

carbide phases. At the melting point temperature, the only phases present are 

the σ phase, indicating that no carbides are present and even the FCC Co 

matrix is not showing up. 

 

6.1.1.3 Novel route to manufacture the F75 alloy 

A powder processing route has been attempted to process the F75 composition 

using nanopowders and spark plasma sintering. The feasibility to produce a 

dense alloy was successful as indicated by the very low porosity, less than 

0.5%. Analysing the resultant microstructure it can be seen that it consists of a 

cobalt matrix, with chromium, molybdenum and chromium oxide rich phases, 

and no carbide phases are present which is a vital breakthrough. 

 

6.1.1.4 Mechanism of Chromium oxide formation 

The mechanism of chromium oxide formation in the SPS processed alloy 

demonstrates that no additives are needed to produce the oxide in the 

microstructure. The oxygen already present in cobalt powder provides the 

opportunity for oxide formation via the method of sintering in SPS and 

through a displacement reaction. The SPS system sinters the powder with the 

pulsed electrical current and the cobalt oxide reacts with the highly oxygen 
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affinitive chromium to form chromium oxide. This reaction takes place in the 

graphite chamber without any external interference, as it is a closed system 

due to the vacuum chamber. The element mapping, line scan and the XRD 

analysis shows that only chromium oxide is present and no carbides are found 

in the microstructure.  

 

The oxide compared to carbides has been shown to have more beneficial 

properties for orthopaedic alloys. The oxide is twice as hard as the carbides, 

providing more wear resistance to the alloy. Its excellent corrosion resistance 

and stability in water enables it to withstand attacks from chemicals and 

remain insoluble. It also can help prevent the compound breaking up and 

forming detrimental ions for biomolecules to react with, causing damage to 

the body tissues surrounding the implant and providing protection increasing 

regeneration of surface oxide layers, reducing metal ion release. The addition 

of chromium oxide increases the alloys hardness and makes it closer to that of 

ceramics, therefore lowering wear rates, reducing immunological reactions 

and longer life span. This oxide has been shown to have no carcinogenic 

effects, therefore making it more suitable for contact with blood and body 

fluids.  

 

The content of chromium oxide is measured in the SPS compact against the 

sintering temperatures. It shows the increasing the temperature causes more 

chromium oxide to form in the microstructure up to 1075 C. Then the 

chromium oxide content falls dramatically.  

 

The microstructure and phase analysis of the two commercial used 

orthopaedic alloys, F75 and F1537 were evaluated. The microstructure 

indicated the usually FCC Co matrix with σ phases and M23C6 carbides in 

both alloys. 
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6.1.2 Properties 

6.1.2.1 Heat treatment 

In the anneal heat treated alloy, the hardness increased to a maximum of 

565HV and then reduced due to carbide dissolution. In the normalised heat 

treated alloy, the hardness did not show significant changes, probably 

attributed to the increase in scale. This scale has shown to protect the 

mechanical properties of the material and prevents changes occurring.  

Therefore, to increase the mechanical properties of the F75 Co-Cr-Mo alloy 

for increase wear resistance, the most likely choice is annealing but only to 

1100 C. But if you want to provide additional protection to the original 

properties to prevent loss then normalising is the method that could be used. 

 

6.1.2.2 SPS alloy 

The alloy produced via SPS has much smaller grains than conventional 

manufactured alloys, approximately 1μm, which can enhance strength and 

toughness. The compacts are also of very high hardness compared to the cast 

or wrought products despite the absence of carbides in the microstructure. The 

gain in hardness is because of the presence of oxides and Cr- & Mo- rich 

phases in the microstructure. Therefore, the SPS route could offer significant 

advantages over the conventional cast and wrought routes used to prepare this 

alloy for orthopaedic applications. 

 

The chromium oxide has a major influence on the hardness of the SPS alloy. 

The trends of the hardness and chromium oxide phase against the sintering 

temperature are very similar indicating that this phase is very beneficial to the 

strengths of the alloy, especially for the hip joint application. However, the 

key to achieving a great alloy is the controlling of the phase, as its ceramic 

nature can cause sudden fractures if the phase is in high quantity in the 

microstructure. 
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6.1.2.3 Tribological Performance 

6.1.2.3.1 Microhardness and Nanohardness 

The micro- and nano-hardness of the F75, F1537 and SPS compacts were 

evaluated to determine their strengths before wear testing. The microhardness 

of the alloys indicated that the SPS alloy is much harder than the two 

commercial grade alloys and due to the phases present in the microstructure. 

The HCP cobalt phases, the chromium and molybdenum rich phases and 

especially the chromium oxide increase hardness, whereas the carbides only 

contribute to the F75 and F1537. The nanohardness were higher in alloys 

compared to the microhardness due to the passive layers that form on the 

surface of these alloys, which usually consists of oxides of cobalt and 

chromium. 

 

6.1.2.3.2 Wear Testing 

The tribological performance of the three alloys has been tested and it can be 

observed that the SPS alloy has 5-10 times lower wear rate compared to the 

other two alloys. The friction coefficient of the SPS alloy is lower too giving a 

smoother motion between the two bearing surfaces. The wear profiles indicate 

the F75 and F1537 are softer due to the shallower depths of the wear track and 

the images show some signs of abrasive wear which can accelerate wear 

rapidly. 

 

6.1.2.3.3 Wear Particles 

The wear debris size and size distribution indicate that the wear generated 

from the SPS alloy is small in size and has a narrower distribution. The shape 

of the particles indicates that the SPS aspect ratio is closer to 1 indicating a 

more spherical particle, which can indicate a smaller surface area, compared 

to a flatter longer particle which has more surface for biological reactions to 

occur. The metallic elemental content indicates that the SPS alloy releases 

much less chromium and molybdenum compared to the F75 and F1537, but 

still has a relatively high cobalt release. 
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6.1.2.3.4 Metal element leaching 

The metal element leaching study conducted indicates that within the first 24 

hours in the SPS alloy the amount of cobalt leached out is very high, but the 

amount of chromium and molybdenum is very low. The F75 and F1537 

gradually increase all the elemental contents as the study proceeds, indicating 

a constant leaching of material out. The post leaching microstructure of the 

samples, indicate that the F75 and F1537 remain the same, however the SPS 

alloy forms a films over the surface which consists of cobalt based oxide. As 

the study continues the high SPS cobalt content decreases, which may show 

that the cobalt based oxidic layer is preventing elemental content to be leached 

out. 

 

6.1.3 Overall 

The production method of spark plasma sintering has shown much promise 

over the experiment conducted to evaluate its properties. The significant 

improvements that have been made indicate that this processing route may be 

an alternative for long term viability as a hip replacement device material. 

Given the recent medical device alert on all MoM hip implants released by the 

Medicines and Healthcare products Regulatory Agency (MHRA), indicating 

high revision rates due to soft tissue reaction [MHRA 2010], the SPS 

fabrication route as suggested in this project may be an alternative way 

forward to eliminate the adverse issues surrounding MoM devices and 

assuring the general public of the safety of this type of bearing material in the 

near future. 

 

6.2 Future Work 

The ideal properties of materials used in hip replacement devices need to be 

biocompatible and have adequate mechanical properties to enable the function 

to be carried out successfully. Therefore, the material needs to possess high 

wear resistance and the wear particles generated to not produce any 

immunological response from the host. This will enable the device to function 
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effectively for a longer life time. The future scope of the project is detailed 

below: 

 

6.2.1 Scaling up 

The spark plasma sintering process with the use of nanopowders has shown 

promise in terms of an alternative route to manufacture the F75 alloy 

composition for orthopaedic applications. The properties of the alloy are 

significantly improved for its application in a hip replacement device. 

However, the alloy is currently only produced as a sample. Therefore to 

produce a full product scaling up is required to either produce a near perfect 

device or a large enough ingot to be machined or forged into shape. Scaling up 

process requires more investigation. The same conditions to produce the 

sample, may not have the same effects on the larger scale and may produce an 

alloy which is not fully dense. Therefore, processing using the SPS apparatus 

is needed to be able to produce a scaled up version of the sample, which has a 

similar microstructure that will exhibit similar properties. 

 

6.2.2 Advanced tribological testing  

The current tribological performance test employed in this thesis was a 

preliminary test to assess the SPS alloy against the conventional manufactured 

F75 and F1537. Longer tests need to be performed to determine the 

performance of the SPS alloy in the long term. In the F75 and F1537 usually 

the running in period is over the first 1,000,000 laps and thereafter steady state 

wear is adopted, which is when the lowest wear rates are exhibited [Dowson 

et al. 2004]. Most tests are run for approximately 5,000,000 laps and this 

determines how the alloy will function in the hip joint [Fisher et al. 2004]. The 

combination of the pin and the disk can be crucial to the wear test, in this 

thesis an alumina was used as the ball and the metallic alloys were the discs. 

This was employed due to the extreme hardness of the SPS alloy compared to 

the other two conventional manufactured alloys and the alumina ball would 

have a hardness greater than all the materials being tested, ensuring the 
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performance could be evaluated. Having dissimilar materials can be a problem 

during function, as can be seen in the case of the ceramic-on-metal 

combination that was suggest by Fisher, though it may show promising results 

in the short term, the long term problems it may cause may not be satisfactory 

[Fisher et al. 2005]. Therefore, like-for-like materials need to be investigated 

against one another, i.e. F75 vs. F75, F1537 vs. F1537 and SPS vs. SPS, as it 

has been known that materials perform more efficiently when paired together 

[Chiba et al. 2007]. 

 

6.2.3 Hip simulator testing 

Currently most cobalt based alloys are tested for tribological performance 

using a hip simulator. A hip simulator is a device that exhibits similar motions 

and loads that are occur in the region of the hip [Smith et al. 1999]. The hip 

simulator is meant to give more reliable results than the pin-on-disk wear 

apparatus, due to the ability to use the appropriate loads and replicate the 

physiological motion that may occur in the hip [Hung and Wu 2002]. The 

samples in the hip simulator need to be of the shape of the hip replacement 

device, therefore the scale up is essential for this part of the study, to form 

femoral heads and actebular cups components. The hip simulator tests will 

give a more representative data of performance of the SPS compact as there 

are now many results of different company products that can be compared 

with in terms of wear rates [Atkinson et al. 1985; Wang et al. 1996]. 

 

6.2.4 Metal ion leaching 

The recent MHRA report upon MoM devices used in hip replacement has 

brought a lot of attention to the materials being used. The metallic cobalt 

based alloys used in orthopaedics have caused many problems due to the high 

revision rates from surrounding tissue reactions. It has been known that these 

reactions are occurring from the metal ions and wear particles released from 

the alloy during wear. The SPS, F75 and F1537 alloys have been investigated 

in this thesis for the elements that have leached out. However, some of the 
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material that may have leached out may not be toxic or carcinogenic. Certain 

ions of cobalt and chromium are known to be toxic and carcinogenic. 

Identifying these ions will give an indication of the toxicity of the material 

leached out. In this thesis, distilled water was used as the medium in the metal 

elemental leaching study. The use of different mediums such as bovine serum 

and other blood substitutes will determine how the SPS alloy reacts. In 

different mediums the leached material may form different compounds where 

some maybe stable and others unstable. The unstable forms cause the most 

problems as when biomolecules interact reactions occur. 

 

6.2.5 Biological cell testing for biocompatibility 

Biocompatibility of materials is a major issue. Materials that may be 

introduced in a biological environment need to undergo strict regulations as 

the example of the ASR device that caused the major recall. Biocompatibility 

tests of the ISO 10993 regulation enables the material to be evaluated for its 

genetoxicity, carcinogenicity, reproductive toxicity and cytotoxicity. Some of 

these testing requires cells to be involved. To test for cell viability, alloys can 

be subjected to fibroblast cellular cultures, for biocorrosion, artificial 

physiologic solutions can be used to monitor the material being leached out 

and for cytoxicity T cells can be introduced to the alloys to determine their 

effects [Bunea et al. 2003; Faleiro et al. 1996]. Cobalt based alloys have been 

known to inhibit the activity of T cells and reducing their functionality and 

causing immunological problems [Treagan 1975; Hartmut et al. 1989].  

 

6.2.6 Other Applications 

Cobalt-based alloys have many other functional uses, in dental implants and 

other joint replacements. Cobalt based dental alloys are used due to their 

excellent mechanical strengths and corrosion resistance for crowns, bridges 

and denture bases [Wataha 2000; Bates & Knapton 1977]. However, the same 

problems occur in the dental alloys as in the hip replacement device, mainly 

with the release of metallic ions. SPS alloy could be tested for usage as a 
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dental alloy and scaling up would not be required as the samples are smaller in 

dimension compared to hip replacement devices. Other joint replacement 

devices that use cobalt based alloys are knee, ankle and shoulder [Stojilovic et 

al. 2006; Hermawan et al. 2011; Revell 2008]. Knee replacement devices have 

been around for a long time, whereas ankle and shoulder are newer joints that 

are being replaced. With the same cobalt based alloys used, SPS 

manufacturing could be the alternative fabrication process for these joints. 

Testing for the criteria for the relevant joints could be investigated to 

determine if the SPS alloy satisfies the conditions of use. 
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