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SYNOPSIS 

Co–Cr alloys are the most widely used metallic biomaterials for metal-on-metal joint 

prostheses. However, concerns about increased revision rate associated with large head 

metal-on-metal replacements have been raised recently. Release of such toxic ions as Cr and 

Co from corrosion–wear induced nano-sized wear debris has been envisaged as the potential 

cause. This research was aimed at studying the response of medical grade ASTM F1537 

Co-28Cr-6Mo alloy with different phase constituents to low-temperature plasma carburising 

and the tribocorrosion behaviour of the plasma S-phase surface engineered alloy with a view 

of addressing the tribocorrosion problems of the current metal-on-metal joint prostheses. 

 

To this end, a series of heat treatments were designed to produce samples with an α-FCC 

dominated (>95%), an ε-HCP dominated (>97%) and a dual phased (40% ε-HCP) 

microstructures. An optimised low-temperature plasma carburising (LTPC) treatment 

(450 °C/10 h in a gas mixture of 98.5 % H2 and 1.5 % CH4) was applied to the Co-28Cr-6Mo 

alloy with different phase constituents. The microstructure of the plasma carburised surface 

layers were characterised by XRD, GDS, SEM/EDX and TEM, and the properties of the 

surface carburised layers were evaluated using micro- and nano-indentation, reciprocating 

wear and electrochemical corrosion tests, and tribocorrosion tests at different electrochemical 

potentials. Post-test examinations were conducted to study mechanisms involved. 

 

The experimental results have showed that the response of the Co-28Cr-6Mo alloy to the 
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LTPC treatment is highly dependent on the phase constituent. For example, the same LTPC 

treatment produced a 7 µm-thick carbon supersaturated S-phase layer on the originally α-FCC 

dominated (>95%) FCC-PC sample while a 2 µm-thick Co3C dispersed layer was formed on 

the originally ε-HCP dominated (>97%) sample.  

 

The LTPC treatment can significantly increase the hardness, load bearing capacity and dry 

wear resistance of all the Co–28Cr-6Mo samples with different phase constituents. The 

nanohardness is similar (12 GPa) for the S-phase layer formed on the FCC-PC sample and for 

the Co3C dispersed layer formed on HCP-PC sample, which is about 3 times that of the 

as-received material.  Whilst the dry wear resistance is higher for the HCP-PC than for the 

FCC-PC, the latter shows a better corrosion resistance than the former. The FCC-PC sample 

has a higher load bearing capacity than the HCP-PC and 40HCP-PC samples when loaded 

under 25 and 50 g mainly; however, when loaded at 100 g or above, the HCP-PC sample 

outperforms the 40HCP-PC and FCC-PC samples.  

 

The tribocorrosion properties of Co–28Cr-6Mo alloy with different phase constituents have 

been effectively enhanced by the LTPC treatment in terms of reduced and stable current over 

the whole sliding period at anodic potentials and reduced total wear volume at all potentials 

except OCP. The HCP-PC samples show a much lower total wear volume than the FCC-PC 

samples at all potentials except 400 mV (SCE). 
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CHAPTER 1 INTRODUCTION 

1.1 The concerns over metal-on-metal hip joint prostheses 

The human hip joint is a typical synovial ball-in-socket joint consisting of an acetebular cup 

articulating with a femoral head and a cartilage cushion located between two counterparts 

serving as a lubricated layer. The main function of hip joint is to maintain mobility of human 

body to do such daily activities as walking and running and extensive excesses which involve 

turning, twisting et al. causing torsional forces on the joint. Besides this, it supports the 

weight of human body under both dynamic and static conditions. 

 

Osteoarthritis result from these repeated daily normal activities combined with natural aging 

or injury of hip joint, leading to degeneration and loss of lubricated cartilage cushion. 

Repetitive usage of joint without protection of cartilage cushion causes pains and swelling of 

joint, so called osteoarthritis. To eliminate the pain and restore mobility, surgeons attempt to 

remove the affected bones and use hip joint prostheses as substitutes. According to National 

Joint Registry (NJR) for England and Wales 7th annual report 2010, osteoarthritis is the cause 

of 93% of the total patients receiving hip primary implantation surgeries. Other factors such 

as avascular necrosis, fractured neck of femur, congenital dislocation and inflammatory 

arthropathy are key reasons for patients to receive hip replacement surgeries as well.  

 

The materials used for hip joint prostheses are required to perform well in the corrosive 

human body environment. Three aspects have been considered as key demands for selection 
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of the biomaterials. Firstly, the materials should not induce adverse physiological reactions 

and at the same time human normal physiological reactions don’t affect their properties, as 

termed biocompatibility. Secondly, adequate mechanical properties (mechanical strength and 

Young’s modulus) play an important part in the performance of this sort of spherical bearing. 

Last but not the least is surface degradation due to corrosion and corrosion-wear. The body 

fluid can be regarded as a 0.9% NaCl solution with small amounts of other inorganic salts and 

protein. It is highly corrosive for some metals and alloys because the large amount of chloride 

ions can induce localised corrosion. Thus, superior corrosion resistance is desirable for 

biomaterials. Meanwhile, high corrosion-wear resistance is also essential for the articulating 

surfaces i.e. bearing surfaces of such joint prostheses as hip and knee joints.   

 

The searching for suitable materials as substitutes of affected bones dates back to 1820s from 

wooden blocks, porcine tissue, ivory, polymer (polytetrafluorethylene (PTFE) and ultra high 

molecular weight polyethylene (UHMWPE)) to metals (stainless steel, Co-Cr and Ti alloys). 

The properties of metal candidates for biomaterials are tabulated in Table 1.1.1 [1]. 

 

Various designs of hip joint prostheses and combination of materials have also been 

investigated to obtain low friction and wear bearings. Smith-Petersen made the first attempt to 

fabricate a molded cup from a Co-Cr alloy in 1938. In 1956, G. K. McKee and John 

Watson-Farrar separated the molded cup to two parts including a Co-Cr spherical femoral 

head with a long stem and a Co-Cr acetabular cup. Orthopaedic surgeon Sir John Charnley 

developed an acetabulum of polymer (PTFE and UHMWPE) as a replacement for cartilage 
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cushion to reduce friction, which pattern has been the most popular hip joint prostheses 

design and wildly used today as a metal femoral stem and ball component articulating against 

an polyethylene acetabular component. The popularity of these metal-on-metal bearings has 

been reduced. [2] 

 

Study by Goodman et al. [3] suggests that polyethylene wear particles lead to a decrease of 

net bone formation and an increase of osteoclasts, indicating that these particles provoked 

osteoclastic bone resorption, and eventually periprosthetic aseptic loosening termed osteolysis. 

The same phenomenon has been observed by other researchers [4, 5]. Above evidences show 

that polyethylene particles play the major role in inducement of macrophagic osteolysis in the 

vicinity of PE cup prostheses, which is the key complication following hip joint arthroplasty 

and the main reason for revising loosened implants. The same problem happens for 

metal-on-metal hip joint implants. 

 

Due to the prevention of polyethylene particle-induced osteolysis and reduced wear, the 

renewed interest in metal-on-metal total hip prostheses for potentially longer life-span 

prostheses has arisen recently. The modern metal-on-metal articulation show markedly 

reduced wear compared to conventional metal-on-polyethylene combination in vitro tests [6, 

7]. However, patients with metal-on-metal prostheses had dramatically elevated metal ion 

concentrations compared with patients receiving a different bearing surface combination by 

numerous studies as summarised in Table 1.1.2 [8, 9]. 
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What is worse, patients using large head metal-on-metal total hip joint prostheses experience 

greater risk for revision than patients using a different bearing surface combination as shown 

in Table 1.1.3 from the U.K./Wales registry [10]. 

 

The reasons why such a high failure rate of metal-on-metal total hip joint prostheses occurred 

have been investigated by several researchers [11-13]. Studies show that the common causes 

contributing to failure are pseudotumor formation, aseptic loosening, metal hypersensitivity 

reactions, metal sensitivity and neck fracture [11, 14], most of which are associated with wear 

debris and resultant metal ion release.  

 

Wear is inevitable in the implantation of prostheses from the first step patients took after 

surgeries. Although metal-on-metal articulations show much less wear volume compared with 

metal-on-polyethylene articulation, the size of particles generated by metal-on-metal 

articulation is an order of magnitude smaller [15] than that of PE particles, resulting in large 

contact surface area between metal particles and human body system and following 

generation of metallic ions. Owing to metal wear debris, patients suffer from “adverse 

reactions to metal debris (ARMD)” or “adverse local tissue reaction (ALTR)” which results in 

implant loosening and necrosis. Natu et al. [13] studied the histopathology of ARMD by 

examining periprosthetic soft tissues at revision surgery from failed ones and concluded that 

ARMD includes a series of inflammatory response consisting of pure metallosis newly 

termed pseudotumors, aseptic lymphocytic vasculitis associated lesion (ALVAL) first 

introduced by Willert et al. [16] in 2005 and granulomatous inflammation. The tissue necrosis 
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attribute to these inflammatory cell response. 

 

Another concern is the elevated level of metal ions such as cobalt and chromium in whole 

blood, red blood cell, urine and serum in patients after metal-on-metal total hip arthriplasties. 

Metal ions can cause such adverse physiological reactions as carcinogenicity, metal 

hypersensitivity and toxicity [14, 17-19]. Thus, it is an emergency task for us to reduce wear 

and metal ions of metal-on-metal bearings to expand life-span of metal-on-metal hip joint 

prostheses, which forms the theme of this thesis. 

 

1.2 Aims and objectives 

The overall aim of this project was to enhance the wear and tribocorrosion resistance of a 

medical grade Co-Cr alloy, thus extending the life-span of metal-on-metal hip joint prostheses. 

The specific scientific and clinical objectives were: 

• To systematically study the response of medical grade ASTM F1537 Co-28Cr-6Mo 

alloy with different FCC/HCP ratios to low temperature plasma carburising (LTPC) 

treatment, thus advancing scientific understanding and establishing technical database 

for optimising the LTPC technology. 

• To generate carbon S-phase on ASTM F1537 Co-28Cr-6Mo alloy by applying 

optimised low temperature plasma carburising treatment to improve the tribocorrosion 

behaviour of the medical grade Co-Cr alloy in simulated body fluid under 

tribo-contact conditions. 
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• To fully characterise the chemical composition, microstructure and phase constituents 

of the LTPC surface carburised layer. 

• To evaluate the mechanical, tribological, corrosion and tribocorrosion properties of the 

surface carburised layer and to identify the degradation mechanisms of the surface 

treated layer. 

To this end, plasma carburising treatments were carried out using a DC plasma unit with a gas 

mixture of 98.5 % H2 and 1.5 % CH4 at 450 °C. The surface carburised layers were 

characterised by XRD, GDS, SEM/EDX and TEM. Both surface hardness and depth hardness 

were tested using a microhardness and a nano-indentation tester. Detailed wear properties in 

air were analysed using a reciprocating tribometer. The corrosion resistance was determined 

in terms of corrosion potentials and corrosion currents. The tribocorrosion behaviours of 

surface layer during unidirectional sliding in Ringer’s solution under cyclic potentiodynamic 

and potentiostatic conditions were investigated using a pin-on-disc tribometer integrated with 

a potentiostat for electrochemical control. Post-test examination was conducted to study the 

materials various degradation mechanisms involved; and the results are discussed in terms of 

the relative contribution of wear and corrosion and their synergy. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Properties and applications of Co-Cr alloys 

Co-Cr alloys can be categorised into wear-resistant materials, corrosion-resistant materials 

and corrosion-wear resistant biomaterials according to their applications. Corrosion-wear 

resistant Co-Cr alloys are widely used as metallic biomaterials for metal-on-metal joint 

prostheses due to their good mechanical properties, acceptable biocompatibility, superior 

wear behaviour and superior corrosion resistance [17, 20, 21]. The Co-Cr prosthetic alloys are 

designated as ASTM F75, ASTM F799, ASTM F90, ASTM F562 and ASTM F1537 to 

describe the compositions of Co-Cr alloys as tabulated in Table 2.1.1.  

 

Co-Cr alloys are also popular in industrial sectors including manufacturing dies, fan blades, 

filters, nozzles, valve parts et al. owing to their combination of high tensile strength, superior 

weldability, high corrosion resistance and exceptional wear resistance especially at elevated 

temperature. Stellite family alloys are desirable candidate for hardfacing deposits to protect 

materials from wear and corrosion at high temperature. 

 

This study was focused on the study of medical grade Co-Cr alloys as metallic biomaterials 

for metal-on-metal joint prostheses. Other metallic materials used for manufacturing hip 

prostheses are austenitic stainless steel and Ti-6Al-4V (ASTM F136) [22]. Stainless steel 

316L (ASTM F138) is the type commonly used for bone fixation devices such as screws and 

prosthesis due to lower cost, good mechanical strength and acceptable corrosion resistance [1]. 
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Ti-6Al-4V possesses high mechanical properties than CPTi, thus are selected to manufacture 

joint prosthesis components (such as stems conjected with bones). Co-Cr alloys are best 

choices for bearing surface, because of their high hardness and superior corrosion-wear 

behaviour, although Co-Cr alloys do not show as good corrosion resistance as Ti-6Al-4V [23]. 

Among these three types of metallic biomaterials, stainless steel exhibits the most 

susceptibility to pitting corrosion and crevice corrosion, while these two kinds of corrosion 

are seldom observed for Co-Cr alloy and Ti-6Al-4V [17]. The shortcoming of Co-Cr alloys is 

the stress shielding of bone resulting from relative high Young’s modulus of Co-Cr alloys 

compared to that of human bones, which may deteriorate the interface between prosthesis and 

bone and lead to bone loosening. 

 

2.2 Physical metallurgy 

2.2.1 Phase constituents and stacking fault 

Co-Cr alloys are known to develop two allotropic forms, hexagonal-close-packed (HCP), 

which is stable at temperature below 970 °C and face-centred-cubic (FCC), stable above 

970 °C. The transformation from α (FCC) to ε (HCP) phase is very sluggish, due to the 

limited chemical driving force available at the temperature range, thus the metastable α phase 

becomes the dominant phase [24].  

 

Although the chemical driving force of the transformation of the metastable α (FCC) phase to 

ε (HCP) phase is not high enough under normal cooling condition, this transformation can be 
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achieved by plastically straining α (FCC) phase (strain-induced transformation) [25], by 

quenching from temperatures corresponding to the α (FCC) phase field of stability (athermal 

martensite transformation) [25] or by isothermal aging at temperatures between 800-850 °C 

[26]. 

 

The FCC to HCP allotropic transformation in Co and Co-based alloys occurs by a martensitic 

transformation mechanism. The stacking fault energy of FCC Co is low at 10-50 mJm-2, 

consequently extensive stacking faults can be seen in the Co-Cr alloy [27]. Olson et al. [28] 

proposed a nucleation mechanism of the FCC to HCP transformation indicating that an 

existing defect serves as a nucleation site under the condition that the free energy of this 

embroy is zero or negative. Such lattice defects serve as the preferential nucleation sites of ε 

(HCP) phase[28, 29] and facilitate the formation of strain induced martensite ε phase [27].  

 

In addition, alloying elements markedly affect SFE as shown in Figure 2.2.1 [30]. Alloying 

elements Fe, Mn, Ni and C increase the SFE and lead to low extent of separation of the partial 

dislocation (stacking fault), thus stabilising the FCC allotrope. While Mo, Cr and W lower 

SFE and benefit the separation of the partial dislocation (stacking fault), stabilising the HCP 

allotrope. 

 

Huang et al. [25, 31] studied the grain size effect on the formation of athermal and strain 

induced martensite. They found that the amount of athermal martentsite follows a sigmoidal 

trend with grain size d1/2 while saturated amount of strain induced martensite decreases with 
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grain size. 

 

Song et al. [32, 33] investigated the formation of athermal and isothermal martentiste in 

Co-Cr (0.05 wt % C) alloy powders. It is found that 64 vol % athermal martensite can form 

through rapid cooling from 1150 °C, however only 10-15 vol % athermal martensite can form 

for forged and cast materials [34, 35]. The powder structure favoured the nucleation of 

ε-embryos due to the large active nucleation sites provided by high density of free surface, 

numerous grain boundaries and grain growth within powder particles. The morphology of 

athermal martensite is straight transgranular markings. This athermal martensite nucleated 

with a (111) habit plane in the FCC grains. The microstructure of HCP evolved from laths to 

“pearlite” after isothermal development. This isothermal traformation is governed by the 

Shockley partials and solute clusters. Figure 2.2.2 illustrates the morphologies of different 

HCP phase [32, 36].  

 

Rajan [37] found that the isothermal transformation in a wrought high carbon Co-Cr alloy 

took place by a two-stage process concurrently with a discontinuous precipitation of carbides. 

During stage 1, FCC structure transformed to highly faulted band-like HCP1 phase. After 20 

hours (stage 2), HCP1 or FCC structure transformed to low faulted HCP2 lamellae.  

 

Saldivar Garcia et al. [36] studied the isothermal transformation in a wrought low carbon 

Co-Cr alloy and found that the amount of isothermal martensite followed a sigmoidal trend 

with aging time and the morphology of isothermal martensite is similar to the HCP2 reported 
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by Rajan [37]. 

 

2.2.2 Sigma (σ) phase 

It can be seen from the Co-Cr binary phase diagram [38] (Figure 2.2.3 ) that the stable phases 

at 300°C or below are the ε-HCP and σ phase in Co-28%Cr alloy as denoted by the vertical 

dotted line. The σ phase is an intermetallic topologically close-packed (tcp) phase with a 

tetragonal crystal structure [39]. The crystal chemistry of σ phase in 20 different binary 

systems has been reviewed by Joubert [40]. The σ phase can form in A-B binary system in 

which A has a BCC crystal structure with a large atomic radius and B has a FCC or HCP 

crystal structure with a relatively small atomic radius. According to this (Figure 2.2.4) [40], 

CrxCoy, MoxCoy (Cr,Mo)xCoy type σ phases are possible to form in ASTM F1537 Co-Cr alloy. 

Cr and Mo are the A–type element having a BCC crystal structure with a large atomic radius 

of 0.130 and 0.139 nm respectively, and Co is the B-type element having a HCP crystal 

structure with a relatively small atomic radius of 0.125 nm. 

 

The addition of C or N elements and the cooling rate which change the thermodynamics 

conditions affect the formation of the σ phase in Co-Cr alloys. Kurosu et al. [41] reported that 

the σ phase precipitated at the grain boundaries and grew along the grain boundaries at the 

later stage of isothermal aging heat treatment in a Co-29Cr-6Mo alloy without addition of C 

or N. Mori et al.[42] found that a 800°C/24h aging heat treatment also led to the precipitation 

of the σ phase in a Co-29Cr-6Mo alloy with N. Ramirez et al. [43] found that the addition of 

C in a cast ASTM F-75 Co-Cr alloy facilitated the formation of M23C6 at the expense of the σ 
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phase according to the reaction of σ + C → M23C6 during solidification. Chen et al. [44] 

observed the presence of σ phase in both high carbon and low carbon Co-Cr alloys (Figure 

2.2.5). 

 

As an intermetallic phase, the σ phase is brittle and deleterious to the mechanical properties 

[45]. Chen et al. [44] found that the torn-off σ phase promoted abrasion wear in low carbon 

Co-Cr alloy and surface fatigue in high carbon Co-Cr alloy during the uni-directional wear 

tests in Hanks’ solution. 

 

2.2.3 The alloying elements 

In Co-Cr alloys, the alloying elements significantly influenced the thermodynamic stability of 

FCC or HCP, the allotropic transformation either form FCC to HCP or from HCP to FCC, 

mechanical and corrosion properties. 

 

The key addition of a large amount (25-30 wt%) of alloying element Cr is responsible for the 

superior corrosion resistance of Co-Cr alloy due to the formation of a tens of nanometre thick 

chromium oxide passive layer on the surface. Chromium also serves as forming elements of 

MC, M6C, M7C3 and M23C6 carbides and hence produces increased mechanical strength and 

wear resistance by carbide precipitations. Figure 2.2.6 [46] exhibits the possible carbide 

forming under different conditions. Chromium, tungsten and molybdenum provide 

solid-solution strengthening effects. 
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The content of carbon varies up to 3.0 wt% in cobalt-based alloys. Based on the content of 

carbon, Co-Cr alloys can be categorised into low carbon (lower than 0.07 wt% carbon) and 

high carbon alloys (more than 0.2 wt% carbon) [47]. Carbon acts as the major forming 

elements of carbides and hence enhances the mechanical strength and wear resistance. 

Besides its contribution to the formation of carbides, carbon is a FCC stabiliser and raises the 

SFE. 

 

2.2.4 Co3C 

Although the Co3C phase has not been found in the as-received Co-Cr alloy, it indeed formed 

during the process of low temperature plasma carburising in this study. Thus the property, 

application and previous manufacturing methods of the Co3C phase are reviewed in this 

section. The Co3C phase is a metastable transition metal carbide having an excellent 

combination of high melting temperature, high hardness, good electric and thermal 

conductivity, magnetic properties, unique catalytic and electrocatalytic properties [48-50] and 

superior electrochemical hydrogen storage capacity [51]. It has drawn increasing attention in 

the applications of ultra-high-density magnetic recording media [49], hydrogen storage 

materials [51] and electrocatalysts in fuel cells [50]. A lot of efforts have been made to 

manufacture Co3C phase by mechanical alloying [51], a magnetron co-sputtering of both Co 

and C [52] and pulsed IR laser irradiation [53] to obtain mainly crystalline nano- and micro- 

Co3C particles. 
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2.2.5 Processing methods 

Co-Cr alloys can be manufactured in different ways including casting, forged and powder 

metallurgy, followed by heat treatments such as solution, aging, hot isostatic pressing (HIP) 

or sintering to obtain different microstructure and resultant mechanical properties. Table 2.2.1 

[1] listed the properties of Co-Cr alloys after different processing history.  

 

The thermomechanically process led to a nearly two times higher yield strength and tensile 

strength compared to casting treatment for surgical Co-Cr alloys. Investment-casting 

produced coarse dendrites and large carbides at the grain boundaries, while forging caused 

fine-grain equiaxial grains as shown in Figure 2.2.7 [54].  

 

Cawley et al. [55] found the different fraction and morphology of carbides were produced by 

casting (AC), solution annealed heat treatment (HT), hot isostatic pressing (HIP), hot isostatic 

pressing and solution annealed heat treatment (HIP&HT) and sintering followed by HIP and 

then HT (ST&HIP&HT). The as-cast samples with highest fraction of carbides showed lowest 

abrasive wear-rate compared to other thermal processed samples, but no correlation between 

fraction of carbides and hardness can be observed. Blocky morphology carbides formed at the 

grain boundaries and within the grains for all samples except ST&HIP&HT one. 

ST&HIP&HT samples only exhibited fine distribution intergranular carbides. All the carbides 

were rich in Cr and Mo. 

 

The HIPed Co-Cr alloy possess a fine grain microstructure and enhanced mechanical strength, 
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ductility and toughness compared to cast alloys[33]. 

 

2.3 Corrosion of Co-Cr alloys 

2.3.1 Introduction 

Basically, corrosion involves a pair of anodic and cathodic reactions. In the anodic reaction, 

metals are oxidised or dissolved and metal ions are released into a solution. 

M → Mn++ne- 

 

The electrons migrate through the anode to the cathode. This is determined by the nature of 

the corrosive medium. The most typical cathodic reactions are as follows: 

• Hydrogen ion reduction (acidic environment): 2H+ + 2e- → H2 

• Reduction of water (neutral/alkaline environment): 2H2O + 2e- → H2 +2OH- 

• Oxygen reduction (acidic environment): O2 + 4H+ 4e-→ 2H2O 

• Oxygen reduction (neutral/alkaline environment): O2 + 2H2O +4e- → 4OH- 

The type of cathodic reaction is affected by the surrounding environment (e.g. pH, 

temperature and oxygen content). 

 

For materials used for hip joint prosthesis, corrosion has been regarded as a key issue to 

address for long-span use. The human body environment is very harsh, which can be regarded 

as an oxygenated 0.9% NaCl solution with organic species. Corrosion of the implant degrades 
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the mechanical properties (fatigue life and mechanical strength) of materials, and result in loss 

of material eventually the loosening of implant. The metal ions released by products of 

corrosion causes human body adverse reaction such as metal hypersensitivity and toxicity.  

 

Co-Cr alloys show excellent resistance to corrosion mainly due to the addition of a large 

amount of (25-30 wt %) of alloying element Cr and the formation of several nanometre thick 

chromium oxide layer on the surface. This passive oxide layer is a kind of kinetic barrier to 

corrosion, which can stop the migration of ions and electrons as shown in Figure 2.3.1 [1]. 

 

The research done by Malayoglu et al. [56] analysed the chemical composition of the passive 

film forming on the surface of Stellite 6 in air and under a electrochemical condition by 

means of X-ray photoelectron spectroscopy (XPS).The finding in this work demonstrated that 

the layer on the as-polished Stellite 6 consisted of Cr and Co oxide/hydroxide, while after 

anodic polarisation, the outmost layer consisted of Cr(OH)3/Cr2O3 and WO2 and sublayer was 

composed of Cr(OH)3/Cr2O3. The composition of air formed and corroded surface is shown in 

Figure 2.3.2. 

 

2.3.2 Corrosion mechanism of Co-Cr alloys 

Corrosion can be generally classified as two groups: general corrosion and locallised 

corrosion. General corrosion takes place on the whole metal surface resulting in the uniform 

degradation. While, localized corrosion initiates at specific surface heterogeneities such as 

inclusion, solute-segregated grain boundaries or mechanical dissolutions at a high local 
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dissolution rate. Aggressive ions such as chloride ions can significantly accelerate the 

localized corrosion process. Among various forms of localized corrosion, pitting, crevice 

corrosion and tribocorrosion are the most common forms in the corrosion of biomedical 

implant materials. In this thesis, tribocorrosion will be emphasized and discussed in next 

section. 

 

Karimi et al. [57] studied the long-term corrosion behaviour of Co-Cr alloys by measuring the 

weight loss and concentration of metallic ions during static immersion test in phosphate 

buffered solution. The XPS results show that the protective oxide layer mainly consists of Cr, 

confirmed by lowest concentration of Cr compared to other elements in the alloys. Co is the 

preferred dissolved elements.   

 

Malayoglu et al. [58] assessed the pitting and crevice corrosion behaviour of cast and HIPed 

Stellite 6 with very similar chemical composition in 3.5% NaCl at different temperature in 

terms of breakdown potential and breakdown temperature of passive state. It is found that 

HIPed Stellite 6 exhibited better localised corrosion resistance even at high temperature up to 

90 degree C than the cast Stellite 6 and the carbide/matrix boundaries served as the preferred 

sites for pitting initiation. The predominant dissolved element was Co. The difference in 

carbide chemical composition and crystal structure between cast and HIPed materials plays an 

important role in retaining passivity. 

 

Several researchers [59, 60] investigated the galvanic corrosion mechanism between Co-Cr 



 

24 

and titanium and titanium alloys. The results show that this kind of coupling exhibits good 

resistance to galvanic corrosion. Furthermore, galvanic corrosin can be eliminated by using 

self-mate coupling materials.  

 

Liang et al. [61] studied the pitting corrosion of Co-Cr alloys in Tyrode’s solution in the 

presence a gas mixture of O2, CO2 and N2 to simulate the flowing of body fluid. Co-Cr alloys 

show good corrosion resistance to general corrosion with a corrosion rate of 0.105 µm/year at 

a flow rate of 38.83 kg/h and low sensitivity to pitting corrosion in both static and gas flowing 

solution. With the increase of gas flowing rate, the breakdown potential (Eb) of Co-Cr alloys 

in Tyrode’s solution decreases. 

 

2.3.3 Factors associated with corrosion 

Metikos-Hukovic et al. [62] studied the dependence of corrosion stability of Co-Cr alloys on 

the alloying elements in Hank’s solution by measuring the polarisation curve and the amount 

of metallic ions in the static immersion tests in the simulated physiological solution (Hank’s 

solution). It has been found that the corrosion behaviour of Co-Cr is mainly dependent on the 

presence of Cr and the corrosion resistance of Co-Cr alloys is better than that of pure Cr due 

to the contribution of Mo to the alloy passivity. The release of metallic ions from Co-Cr-Mo 

alloy increases with decrease of pH of solution. 

 

Hsu et al. [63] investigated the effect of biological solutions on the corrosion behaviour of  

Co-Cr-Mo alloys by comparing the electrochemical response of Co-Cr-Mo alloys to urine, 
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serum and joint fluid. It has been found that Co-Cr-Mo alloys shows much larger passive 

region in the urine than in the joint fluid and serum during potentiodynamic tests, while the 

corrosion resistance in the joint fluid and serum is lower than that in the urine. 

 

2.4 Wear of Co-Cr alloys 

2.4.1 Introduction 

Bhushan [64] defined that wear is the surface damage or removal of material from one or both 

of two solid surfaces in a sliding, rolling, or impact motion relative to one another. There are 

six principal wear modes including adhesive, abrasive, fatigue, impact by erosion and 

percussion, chemical (or corrosive) and electrical-arc-induced wear. Most of wear is 

controlled by the adhesive-, abrasive-, corrosive-wear mechanisms or the combination of 

them [64]. In adhesive wear, the sliding surfaces under load adhere together through solid 

phase welding of asperities. Subsequent detachment from either surface results in loss of 

material [65]. In abrasive wear, loss of material from the surface is caused by sliding 

abrasives under load. Both free-flowing particles (third body) and abrasives attached to the 

counterbody (two body) cause wear [65].  

 

Many studies have been done to study the wear behaviour of Co-Cr alloys for hip joint 

prosthesis use [55, 66, 67]. The wear behaviour of materials is influenced by the nature of 

material (stacking fault, hardness, ductility, surface roughness, microstructure and phase 

constituents) and the testing or working conditions such as load, environment and counterpart 
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materials. The test methods can be divided into two main categories: (1) in vitro studies 

including conventional wear test techniques (pin-on-disc and reciprocating) and hip 

simulation wear test; and (2) in vivo studies by examination of the explanted prosthesis. 

 

2.4.2 Wear mechanisms 

The abrasive mechanism of Cobalt-based alloys has been extensively investigated by several 

researchers [68-70]. Emphasis has been put on the effect of size, type and distribution of 

carbide on the wear rate. The researches indicated that small carbides made little contribution 

to wear resistance because they were directly removed from wear track. Though large 

carbides were cut by the abrasives, they contributed to wear resistance in the way of much 

less depth of cut compared to that in the soft FCC matrix. 

 

Frank and co-investigators [71, 72] systematically studied the wear mechanisms of 

cobalt-based alloys under dry sliding condition and obtained a wear map as shown in Figure 

2.4.1 revealing the correlation between wear rate and the sliding test parameters (the loads 

and the sliding velocity).  

 

The results indicated that the dry sliding of Stellite alloys against WC-Co was controlled by 

oxidation mechanism at low loads or sliding speed, while adhesion and abrasion mechanisms 

at high loads or sliding speed. The wear rate was strongly affected by the kinetics of 

formation of oxide, the nature of oxide and the attachment between oxide and the surface at 

low loads or sliding speed. At high loads or sliding speed, cracks started to nucleate and 
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propagate to facilitate the formation of wear debris. 

 

Chen et al. [73] compared the tribological behaviour of Stellite 21 alloy in air and in NaCl 

solution using a reciprocating tribometer. The results indicated that the wear process was 

predominated by abrasive and adhesive mechanism with signs of parallel abrasion marks and 

adhesion craters. 

 

The work by Persson et al. [27] showed that Stellite 21 alloy has excellent resistance to 

galling (severe adhesion) and stable low friction coefficient at 0.25 using load scanner under a 

increasing load from 100N to 1300N at room temperature and 250 ºC. The excellent wear 

resistance is attributed to the formation of surface layer through FCC→HCP martensite 

transformation. 

 

2.4.3 Factors associated with wear 

In general, the wear rate agrees with the wear equation Equation 2.4.1 based on the 

relationship developed by Holm and improved by Archard [65]. 

V = K !!
!
d 

where V is the wear volume, FN is the applied normal load, H is the hardness and d is the 

sliding distance. Hardness of Co-Cr alloy mainly depends on the precipitation of carbides, 

solution strengthening effect on matrix and the precipitation of HCP phase from soft FCC 

matrix. 

 

Equation 2.4.1 
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Cawley et al. [55] compared the wear resistance of Co-Cr-Mo alloys with same chemical 

composition after different thermal treatments and concluded that the lowest wear rate is 

corresponding to the highest carbide volume fraction through micro-abrasion test using SiC 

abrasives. The as-cast microstructure possessed highest carbide fraction and showed best wear 

resistance compared to HIPed, sintered and solution treated microstructure. It is interesting to 

find that the wear rate did not correlate with the hardness, which disagreed with the wear 

equation Equation 2.4.1. The work by Shetty et al. [68, 69] also showed the importance of 

carbides on the wear resistance. 

 

Chen et al. [44] investigated the effect of second phase (intermetallic σ phase) on the wear 

behaviour of low and high carbon Co-Cr alloys and found that the torn-off σ phase promoted 

abrasion wear in low carbon Co-Cr alloy and surface fatigue in high carbon Co-Cr alloy, 

although the percentage of σ phase was lower than 5%. 

 

The crystallographic nature of two allotropic forms (FCC and HCP) also influences the 

tribological behaviour of Co-Cr alloys. The HCP structure shows 30% less coefficient of 

friction and lower wear rate than the FCC structure [64]. The limited number of slip systems 

of HCP has been considered to result in a better tribological performance. A mode [74] shown 

in Figure 2.4.2 has been proposed that HCP Co deforms by slippage when pressed against 

each other, causing many air gaps at each junction. In contrast, the FCC has 12 slip systems 

without such air gaps, so that the friction and wear is higher than the HCP. 
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Saldivar-Garcia et al. [66] examined the tribological behavior of a pair of cast and wrought 

Co-Cr alloys counterparts with different combinations such as FCC-FCC, HCP-FCC, 

HCP-HCP and HCP-biphase using pin-on-disc technique under a load of 266.8N. The work 

showed that HCP components exhibited better wear resistance compared to FCC components 

and the pair both with HCP crystal structure showed the best tribological response in terms of 

reduced wear volume. Plastic deformation and oxidation were believed to be the dominant 

mechanisms. FCC structure favoured the plastic deformation due to the relatively large 

amount of slip systems. In contrast, HCP metals possessed fewer slip systems and poor 

ductility making plastic deformation hard to take place. No significant correlation between 

tribological performance and hardness differentials could be found. 

 

High work-hardening rate of Co-Cr alloys is another key factor associated with tribological 

behaviour [24, 27, 75]. The stacking fault energy of FCC is low at 10-50 mJm-2, which 

facilitates the FCC → HCP martensite transformation during sliding contact. The HCP phase 

nucleated at lattice defects such as stacking faults and twins. The (0001) basal plane of HCP 

phase were preferably orientated parallel to the worn surfaces, which can be sheared easily 

during sliding. However, Saldivar-Garcia [66] examined the wear debris of FCC counterparts 

by means of XRD analysis. The results showed that no strain-induced HCP formed during 

pin-on-disc tests, meaning that the wear process was not greatly influenced by stacking fault 

energy. 
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2.5 Tribocorrosion of Co-Cr alloys 

2.5.1 Introduction 

The addition of a large amount (25-30 wt%) of alloying element Cr and the formation of a 

tens of nanometre thick chromium oxide layer on the surface are responsible for the superior 

corrosion resistance of Co-Cr alloy [17, 76, 77]. However, tribocorrosion is an inevitable 

issue for long-term joint prostheses subjected to simultaneously corrosion and wear, which is 

affected by the synergistic system between corrosion and wear. The passive film on the 

contact area could be removed by sliding motion between counterparts during tribocorrosion 

process, which accelerates the corrosion process in corrosive medium [76]. At the same time, 

such tribological properties as wear resistance and coefficient of friction are deteriorated by 

the formation of corrosion products [78]. Neville and co-investigators [79, 80] have 

systematically investigated the tribocorrosion behaviour of Co-Cr alloys by in situ 

electrochemical measurements and concluded that tribocorrosion plays a very important role 

in degradation of Co-Cr alloys in biological environment. A variety of contact modes 

involving tribocorrosion are demonstrated in Figure 2.5.1 [81]. 

 

2.5.2 Synergism effects between corrosion and wear and the involved 

mechanisms 

During a tribocorrosion process, the material loss depends on pure mechanical part (wear), 

pure chemical part (corrosion) and more importantly the interaction between corrosion and 

wear resulting in wear-induced corrosion and corrosion-induced wear [78, 82-84]. Many 

Equation 2.5.1 
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efforts have been made to separate mechanical part from chemical part by several 

investigators [76, 85, 86]. The total wear loss can be simply given by the sum of mechanical 

wear (Vmech) and chemical wear (Vchem) as depicted in Equation 2.5.1.  

V! = V!"#$ + V!"#$ 

 

The volume loss due to chemical wear can be calculated according to the Faraday’s law [81]. 

V!"#$ =
ItM
nFρ 

 

where I is the current over the sliding period, t is sliding time, M is the atomic mass of the 

material, n is the valence of dissolution and passivation, F is the Faraday’s constant 

(96458C/mol) and ρ is the density of alloy. 

 

Several attempts have been made to identify the tribocorrosion regime [81, 87, 88]. Diomidis 

[82] introduced two factors, Kc and Km, to assess the ratio between contribution of corrosion 

and wear to material loss and the influence of passive film on the contribution of wear. These 

two newly introduced factors are very useful determining the tribocorrosion regimes to 

material degradation. 

 

Kc is the ratio of material loss caused by chemical part and that resulted from mechanical 

part.  

(i) When Kc > 1, corrosion predominates the tribocorrosion process and thus the material 

loss is mainly governed by reactivity of materials in the electrolyte. 

Equation 2.5.2 

Equation 2.5.1 
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(ii) When Kc < 1, wear predominates the tribocorrosion process. 

(iii) When Kc  ≪ 1, the material loss due to chemical reaction can be negligible compared 

to the total material loss. 

 

Km represents the ratio of material loss resulting from mechanical wear on the bare surface 

(or surface without passive film protection) and on the repassivated surface within the wear 

track. 

(I) When Km > 1, the repassivated film is not easily removed and can protects material 

from mechanical wear. 

(II) When Km < 1, the material removal by mechanical wear is accelerated by the 

formation of repassivated film. 

 

Buscher [89] investigated the tribocorrosion behaviour and wear debris of FCC matrix Co-Cr 

alloy in Ringer’s solution. The research revealed that the worn surface consisted of a 

nanocrystalline layer with base materials, strain-induced martensite HCP phase and fine 

oxides, due to the steady high strain and resultant constant deformation and recrystallisation 

within the worn surface. The morphology of wear debris is fine globular and lamellar shaped, 

corresponding to that of grains in nanocrystalline layer and HCP phase. Owing to the low 

stacking fault energy, Co-Cr alloys underwent the strain-induced martensite transformation 

and the strain-induced martensite needles gave sufficient support to the surface 

nanocrystalline layer. Thus, the crack nucleation and propagation within wear track and 

consequently formation of wear debris were attributed to the properties of nanocrystalline 
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layer itself, rather than failure of substrate underneath this layer. 

 

Stack et al. [90] studied the micro-abrasion-corrosion mechanisms of a Co-Cr on UHMWPE 

couple in Ringer’s solution and construct synergism maps using micro-abrasion-corrosion 

apparatus with SiC particles. The results suggested that the passive film was promoted and 

corrosion dominated the abrasion at anodic potential at low loads. 

 

2.5.3 Factors associated with tribocorrosion 

In a tribocorrosion system, the synergistic effects between wear and corrosion need 

comprehensive consideration on corrosion and wear and are affected by many factors. On one 

hand, corrosion is accelerated by wear. The passive film at the contact area is removed or 

damaged in a single cycle or a certain amounts of cycles by sliding motion, which increases 

the ratio of active-to-passive area resulting in the cathodic shift of corrosion potential, 

increased current and a negative shift of OCP. Material loss from corrosion can be derived 

from two parts including the loss from the dissolution of bare material reacting with 

electrolyte and the formation of passive films, which may be followed by removal or 

damaging by sliding motion. On the other hand, wear is either accelerated or slowed by 

corrosion. The corrosion products broken down by wear can serve as third party abrasion 

particles resulting in corrosion-induced wear. At the same time, the corrosion products 

produced on the surface in wear track can modify the surface tribological behaviour such as 

coefficient of friction and change the wear mechanism. Oxide film can work as protective 

film to stop the interaction between two counterparts. 
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In general, the critical factors influencing the tribocorrosion behaviour under electrochemical 

condition compose of four main aspects including the properties of materials, the mechanical 

solicitations, the solution properties and the electrochemical state as listed in Figure 2.5.2 [81] 

in detail. 

 

Mathew et al. [76] compared the tribocorrosion behaviour of biomedical grade Co-Cr alloys 

using two different tribometer configurations and studied the dependence of tribocorrosion 

mechanism on load. A linearly reciprocating tribometer (system A) is utilised to assess the in 

vitro tribocorrosion behaviour of flat metal samples against alumina balls, while a 

configuration with a cylindrical metal pin pressed against an oscillating alumina ball (system 

B) is employed to simulate in vivo condition. The results showed that the dominant 

tribocorrosion mechanism of Co-Cr alloys shifted from wear-corrosion to mechanical wear as 

a function of load, i.e. the contact stress. The results suggested that the protein in the bovine 

calf serum assisted in the formation of protective tribolayer against corrosion. 

 

Tipper et al. [67] analysed the volumetric wear rate and wear debris from Co-Cr with high 

and low carbon content in newborn bovine calf serum and draw a conclusion that the wear 

rate produced by hip simulator run on the biaxial rig also related to the content of carbon of 

Co-Cr alloys, revealing the similar dependence of the results produced by simple wear 

configurations on carbon content. The high carbon against high carbon pair exhibited lowest 

wear rate. In addition, it was the first attempt on qualification of wear debris produced from in 

vitro tests with nanometre size. 
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The work [79, 86] by Neville and co-workers assessed the tribocorrosion behaviour of 

wrought high carbon and low carbon Co-Cr alloys in three types of solution (0.36 % NaCl 

solution, Dulbecco’s Modified Eagle’s medium (DMEM) and 50% calf bovine serum). The 

results showed that high carbon Co-Cr alloy exhibited the best tribocorrosion performance 

with only half of the wear loss of low carbon Co-Cr alloy and the lowest coefficient of 

friction in DMEM and calf bovine serum. The proteins in calf bovine serum benefited 

reducing friction, but harshed material degradation due to their effect on corrosion and 

tribocorrosion, which was inconsistent with the finding by Mathew [76]. In DMEM lubricant, 

a 2-3 nm organometallic layer formed on Co-Cr due to the enhanced interaction between ion 

release and amino acid, contributing to reduced friction and wear.  

 

In order to isolate the lubricating effect of such organic species as proteins and amino acid, 

Ringer’s solution was select as lubricant in tribocorrosion tests [89]. 

 

2.6 Surface engineering of Co-Cr alloys 

2.6.1 Introduction to surface engineering 

Surface engineering has proved to be a promising method to enhance the properties of the 

surface and near-surface areas of metallic implant components in a desirable way. It can fall 

into two broad categories including surface coating and surface modification process. In 

coating processes a material is deposited onto the surface to produce a thin layer normally 

with different composition, structure and properties [91]. Normally, there is a distinct 
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boundary between the substrate and the coating caused by the characteristics differences, 

resulting in de-bonding of the coating under large tangent force; in addition, when the 

relatively soft substrate deforms under a high normal force load applied to the coating, the 

surface system collapse due to so-called ‘thin-ice effect’ (Figure 2.6.1) [92].  

 

A surface modification process alters the surface properties by introducing some elements and 

changing the surface microstructure but the substrate material is still on the surface. 

De-bonding and/or ‘thin-ice effect’ will not occur in a modified surface due to non-existence 

of a boundary between the treated layer and the significantly hardened thick case. Many 

efforts have been made to improve metal-on-metal articulations by surface engineering means 

[92-100]. The detailed technologies are listed in Figure 2.6.2 [101]. 

 

2.6.2 Surface coating of Co-Cr alloys 

The coatings investigated for the Co-Cr alloys for implant prostheses mainly consist of the 

deposition of metal nitride (TiN, CrN and CrCN), metal oxide (Al2O3, ZrO2) and diamond 

like carbon (DLC) coatings. 

 

Efforts have been made by many researchers [93-96, 102] to deposit coatings on Co-Cr alloys 

for biomedical use through physical vapour deposit process including magnetron sputtering, 

reactive sputtering and arc evaporative to improve the tribological behaviours, thus to extend 

the service life of implants.  

The work done by Pham et al.[94, 96] showed that a dense TiN film with columnar structure 
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can be deposited on the Co-Cr substrate by magnetron sputtering method. In the magnetron 

sputtering process, a Ti target is bombarded with argon flow discharge. Sputtered atoms from 

target then condense on the surface of a substrate forming a thin layer. The use of magnetron 

can constrain the electrons and increase the ionizing electron-atom collision rate, thus 

increasing the sputtering on the target and deposition rates. Pham et al. found that the 

mechanical properties of Co-Cr alloys including surface hardness, critical load and elastic 

modulus were significantly enhanced by TiN coating. In addition, the biocompatibility of 

Co-Cr alloys was improved by the deposition of TiN in terms of cell attachment.  

 

The research by Wisbey et al. [95] exhibited that the application of TiN coating can improve 

the pitting corrosion resistance of Co-Cr alloys without galvanic corrosion and reduce the 

harmful metallic ion release. 

 

However, the study by Harman et al. [103] found that the TiN coating on the prosthesis can 

suffer from delamination during its employment. The in-vivo study by Raimondi et al. [104] 

showed the failure mode of TiN coated titanium alloy heads after revision from patients and 

suggested the delamination of TiN coating and consequent accelerated wear of both TiN 

coating and polyethylene, which were considered to the primary reason for failure of 

implants. 

 

Fisher et al. [102] firstly reported the wear behaviour of CrN and CrCN coatings as 

orthopedic bearing surfaces and found that CrN and CrCN coatings were effective in reducing 
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wear debris and metal ion release owing to high hardness, good toughness and cohesive 

strength. However, Österle et al. [105] found the formation of Cr2O3 nano-particles wear 

debris of CrN coating during reciprocating wear tests, which is a issue needing to be 

addressed since Cr6+ decreases cell vitality of macrophages. 

 

Metal oxide coatings such as Al2O3 and ZrO2 coatings have been proved to be beneficial in 

enhancing the material resistance to corrosion and wear, due to their good biocompatibility 

[106], electrochemical resistance, improved surface wettability and high hardness [107, 108]. 

Kumar et al. [109] compared the wear rate of UHMWPE against zirconia ceramic (Y-PSZ), 

SUS 316L stainless steel and alumina ceramic in three different lubricant mediums including 

calf bovine serum, saline and distilled water. They found that the tribopair of polyethylene 

against ziroconia ceramic showed the lowest wear factor, which was 10 to 20% less than that 

of polyethylene against SUS 316L stainless steel, and 40 to 60% less than that of 

polyethylene against alumina based on the lubricant medium.  

 

Ceramic coating can be generally deposited by electron beam-PVD (EB-PVD) [110, 111], 

CVD [112], plasma spraying [113] and electrophoretic deposition [114] methods. PVD 

technology is a line-of-sight process [111] so that only implants with simple surface 

topographies can be coated by PVD. In the plasma spraying process, the ceramic particles are 

melted in a high temperature plasma torch and propelled to the substrate. The melt ceramic is 

rapidly cooling on the surface of substrate and forms thick coatings. But the thichness (> 30 

µm) of coating produced by plasma spraying method is too thick which limits its application 
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on Co-Cr alloys for sophisticated ball shape implant [107]. Another problem of plasma 

spraying technology is the poor bonding strength between substrate and coating due to the flat 

lamella microstructure with a lot of voids and defects and resultant high thermal insulation 

and cracks [112]. The deposition rates of CVD are normally low and CVD may cause 

environmental concerns [112].  

 

More recently, a family of coatings based on carbon has been developed including 

diamond-like carbon (DLC) and diamond coatings, showing some preliminary potential in 

biomedical grade [115].  

 

Due to their exceptional friction and wear characteristics, chemical inertness and 

biocompatibility [116], DLC is a very attractive coating for enhancing prostheses surface 

properties [117]. DLC is normally produced in the forms of amorphous carbon (a-C) and 

hydrogenated amorphous carbon (a-C:H). 

 

Oñate et al. [116] compared the effect of DLC, TiN coating and nitrogen ion implantation on 

reducing the wear of UHMWPE-on-metal articulation by 5 million cycles wear tests using a 

knee wear apparatus. DLC and TiN coating were deposited on the Co-Cr femoral head. 

Nitrogen ion implantation was carried out on both polyethylene and Co-Cr alloy to produce a 

hardened case. The highest UHMWPE wear loss was observed for the PVD TiN coated 

Co-Cr against UHMWPE articulation, while the best reduction in UHMWPE wear loss was 

obtained by the nitrogen implanted and DLC coated Co-Cr against UHMWPE tribopairs 
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showing the lowest polyethylene material transfer. What is more attractive for DLC coating is 

the excellent biocompatibility verified by both in vitro and in vivo biocompatibility tests 

based on FDA regulations and ISO 10993 standards. 

 

The research by Saikoo et al. [118] revealed that DLC did not perform differently from Co-Cr 

in terms of gravimetric wear of polyethylene as a counterpart of polyethylene assessed using a 

biaxial rocking motion (BRM) simulator. 

 

The main problem faced by DLC coatings in clinical use is the occurrence of delamination 

along the coating/substrate interface due to the low-bonding and/or ‘thin-ice effect’ in 

excessive contact loading, localized blistering and pitting in aqueous corrosive media which 

are caused by the relative nature of DLC compared to metallic alloy substrate [119]. 

 

The recently developed sputtered carbon and carbon with some chromium coatings, known as 

Graphite-iCTM (GiC coating), exhibit high hardness from 1500 to 4000HV, low coefficient of 

friction ranging from 0.08 to 0.16 and low wear rate, normally better than those of 

conventional DLC coatings. GiC coating had a microstructure of amorphous-like graphite 

with mainly sp2 (as in graphite) and partly sp3 (as in diamond) bonding. As well known, bulk 

graphite is used to be lubricant materials. The low friction and low wear rate of this sputtered 

carbon coating was contributed to the graphitization process of a diamond structure resulted 

by high ion bombardment power. In the graphitization process, a graphite tribolayer was 

formed between the coating and opposing surface. On the other hand, its hardness was up to 
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4000 HV. The hardness of GiC depends on the ratio of sp2/sp3. The combination of high 

hardness and low friction result in the excellent tribological performance (very low friction 

and very low wear rate at very high load) [120].  

 

A closed field unbalanced d.c. magnetron system (Figure 2.6.3) [121] was employed to 

deposited carbon/chromium co-sputtering coatings so-called GiC. A thin layer of pure 

chromium coating was deposited first to produce good adhesion between carbon coating and 

metal substrate, followed by deposition of carbon coating doped with chromium. However, 

very few studies on this coating for clinical application have been reported. 

 

2.6.3 Surface modification on Co-Cr alloys 

Another approach to enhance the surface properties is to produce a strengthened surface layer 

within the substrate by surface modification. Many efforts have been made on medical Co-Cr 

alloys by ion implantation and thermochemical methods. 

 

Ion implantations making use of bombarding a substrate with ions are divided into ion-beam 

surface modification and plasma-enhanced ion implantation for introducing a large amount of 

elements such as nitrogen and carbon into a substrate surface. Since the mid 1980’s, ion 

implantation with nitrogen has been conducted on the metallic bearing surface made of 

Co-Cr-Mo to improve wear resistance. 

 

The conventional ion implantation process involves an ion beam which is accelerated to a 
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certain level of ion energy to implant into the surface of substrate and displace the host 

surface atoms [122]. The ion energy generally ranges from 20 to 200 keV.  

 

However, the thickness of conventional ion implantation modified layer is normally less than 

0.2 µm [97] which is far less than the average annual linear rate of Co-Cr-Mo. It has been 

confirmed by Bowsher et al. [123] when they investigated the effect of nitrogen ion 

implantation on the wear behaviour of Co-Cr on Co-Cr hip prostheses using a physiological 

hip simulator. The results showed that the depth of nitrogen ion implantation was only 0.2 µm 

and nitrogen ion-implanted Co-Cr tribopair exhibited no improvement on volumetric wear 

compared to untreated Co-Cr tribopair, indicating no clinical benefit for metal-on-metal hip 

implants. In addition, its line-of-insight nature makes it difficult to generate a uniform 

modified layer especially for geometric complicated components. Further, it is impossible to 

prevent the metal ion release [124]. 

 

In the last two decade, a new technique called Plasma Based Ion Implantation (PBII) has been 

developed, also known as Plasma Source Ion Implantation (PSII) [125] and Plasma 

Immersion Ion Implantation (PIII) [126], which utilises a plasma discharge consisting of the 

desired species instead of a mono-energetic ion beam. The workpiece to be ion-implanted is 

biased with a high negative voltage and immersed in plasma, so as to accelerate ions in the 

sheath potential fall around the workpiece surface and introduce ions on the workpiece 

surface. Ions can be implanted three-dimensionally by plasma process. Therefore, it is 

suitable for components with complicated shapes such as hip implant, circumventing the 
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line-of-sight disadvantage of conventional ion implantation. This technology demands low 

activation energy from 0.60 – 0.75 eV [127, 128]. 

 

Ikeda et al. [129] assessed the improvement of wear and corrosion properties of a Co-Cr alloy 

for orthopaedic use by PBII and found that both the wear and corrosion properties were 

enhanced by PBII method. Other investigators [128, 130] also have made attempts to modify 

the surface properties of medical Co-Cr alloys by PBII and compared the mechanical, wear 

and corrosion behaviour change induced by PBII. A PBII treatment at 500 – 600 °C for a 

process time of 3 h can lead to a combination of increased surface hardness to 20–25 GPa and 

subsequent wear resistance improvement by nearly one order of magnitude compared to 

standard state of Co-Cr alloys due to the precipitation of a CrN phase. However, recent study 

[130] revealed that the PBII at 350 °C, 400 °C and 550°C led to elevated corrosion rates 

determined from the Tafel slope measured in Ringer’s solution (pH 6.2), which were 5, 10 

and 56 times respectively of that of untreated Co-Cr alloys even when no CrN precipitates 

formed at 350 °C. The corrosion rates enlarged with the nitrogen PBII temperature mainly 

caused by the unpreventable formation of CrN phase above 400°C. The decrease of corrosion 

resistance is possibly related to no complete formation of a passivation Cr2O3 layer due to the 

strong affinity of chromium for nitrogen, thus lack of mobility of chromium inside the alloy. 

Further tribocorrosion study [131] on nitrogen PBII treated Co-Cr alloys in simulated body 

fluid indicated that an PBII treatment above 400 °C resulted in an greater cobalt ion release 

which is harmful to human body, although reduced wear volume. 

Another catalogue of wildly-used surface modification technology is thermochemical 
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treatment by introducing alloying species including carbon, nitrogen, a combination of carbon 

and nitrogen or boron into a component surface by a mass transfer in forms of gas, liquid, 

solid or plasma. A modified case can be produced by carburising, nitriding, carbonitriding and 

boriding to improve the surface properties including hardness, wear resistance, corrosion 

resistance etc. 

 

Conventional carburising are normally performed at high temperatures around 950 °C with a 

high carbon potential atmosphere and produces a carbon-modified layer by the absorption of 

carbon on the surface and followed by diffusion of carbon into the interior of the materials. 

Such factors as diffusion coefficient [132], treatment temperature, carbon potential and gas 

environment [133, 134] play an important part in gaseous carburising process. 

 

The first attempt on utilising plasma as the carbon source was made in 1970s [135], followed 

by development from laboratory to industrial application by other researchers [136, 137], 

showing a bright future. From a point of both economic and environmental view, plasma 

carburizing exhibited high efficient combining higher carburising rate, lower treatment 

temperature (350 °C - 500 °C), less energy demanding, reduced gas supply and more 

environmental friendly [138] compared to conventional gaseous carburising. It has proved to 

be effective in improving the hardness of metals by producing a carbon-diffused layer without 

any dimensional changes due to the low treatment temperature [139]. 

 

Research by Zhang and Bell [98] based on plasma modification in 1985 demonstrated that it 
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was possible to get a improvement of surface hardness and wear resistance without loss of 

corrosion of an austenitic stainless steel by low-temperature plasma surface alloying process. 

The novel technique makes it come true to have a desirable stainless steel surface with both 

high wear resistance and excellent corrosion resistance. During the past two decades, a family 

of low-temperature plasma surface alloying processes has been developed to generate super 

stainless steel surfaces for improving wear, corrosion and fatigue properties, but with the 

deficiency of relatively high the friction coefficient varying from 0.5 to 0.7 depending on the 

tests conditions. 

 

A metastable and interstitial supersaturated ‘expanded austenite’, so-called ‘S-phase’, can be 

generated without the formation of chromium carbides or nitrides during low-temperature 

(<420 °C for nitriding and <500 °C for carburising) plasma alloying process [140]. According 

to the types of interstitials in S-phase, there are two basic types of S-phase consisting of 

nitrogen S-phase with the introduction of N and carbon S-phase with the introduction of 

carbon. Sun et al. [140] indicated that the nature of ‘S-phase’ layer itself was a highly 

distorted and disordered FCC structure with high levels of compressive stress. Although the 

mechanism and condition for formation of S-phase are still a matter of debate, high content of 

Cr and an FCC structure are necessary. 

 

More recently, the work done by Dong et al. [99] discovered in 2002 that S-phase can be 

formed in Co-Cr alloys via low-temperature (<500 °C) plasma carburizing for the first time. 

The surface hardness was dramatically improved from 400 HV0.05 for the untreated Co-Cr to 
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above 1200 HV0.05 for the carburised samples due to the formation of carbon S-phase during 

the low-temperature carburizing without the formation of Cr carbide and loss of corrosion 

resistance or even improvement of the corrosion resistance [99]. Significant enhancement of 

wear resistance in air, distilled water and Ringer’s solution and good biocompatibility were 

achieved [141]. Carbon as the strongest FCC stabiliser in Co-Cr alloys is responsible for the 

generation of S-phase in dual phase (FCC and HCP) Co-Cr alloys [100].  

 

The low temperature plasma carburising technology to produce S-phase in biomedical grade 

Co-Cr alloy has been applied on hip joints made of cast Co-Cr alloys by an international 

biomedical device manufacturing company. However, it is found that the same technique 

conducted on many hip joint prostheses produced S-phase layer with different thickness thus 

affecting the wear and corrosion performance directly (unpublished work). Habibi [141] 

treated an HCP dominated Co-Cr alloy and found that low temperature plasma carburising 

cannot form a single S-phase combined with good wear and corrosion resistance.  

 

It seems that the phase constituents and FCC – HCP ratio of substrate Co-Cr alloys are 

expected to be responsible for the discrepancy. However, the mechanism involved has not 

been investigated. Clearly, it is a timely task to study the substrate effect on the formation of 

S-phase for the aim of producing harder and thicker S-phase cases. 
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CHAPTER 3 EXPERIMENTAL 

3.1 Materials and sample preparation 

Medical grade (ASTM F1537) Co-28Cr-6Mo alloy (Carpenter Technology Corporation), with 

the chemical composition listed in Table 3.1.1, was used as the substrate material in this study. 

Samples were cut from 28 mm diameter bars to discs of a thickness of 6 mm.  

 

After heat treatment (details see the next section), one surface of each sample was wet ground 

with SiC paper down to 1200 grit and then polished with 6 µm, 3 µm diamond paste and 0.25 

µm colloidal silica to Ra about 15 nm. The samples were cleaned in ultrasonic device with 

soapy water and acetone before low temperature plasma carburising treatments. 

 

3.2 Sample treatment 

3.2.1 Heat treatment 

In order to study the effect of phase composition on the response to low-temperature plasma 

carburising, a series of heat treatments were adapted to produce samples with different ε-HCP 

to α-FCC ratios. The as-received material was first solution heat treated at 1250 °C for 1.5 

hours using the Lenton high temperature furnace followed by air cooling, and then aged at 

850 °C for 4 and 15 hours before water quenching [36]. Heating-up rate was 8 °C/min and 

over temperature was controlled within 5 °C above set temperature according to the working 

condition of furnace. 
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3.2.2 Low temperature plasma carburising 

Based on some preliminary studies in conjunction with past research [141], low-temperature 

temperature plasma alloying with carbon or low-temperature temperature plasma carburising 

treatment (LTPC) conditions were selected. The LTPC was carried out in a KlÖckner DC 

plasma unit at 450 °C for 10 hours with a gas mixture of H2 (98.5 vol %) and CH4 (1.5 vol %). 

This DC plasma furnace consists of a 40 kW DC power supply, a cooling water supply 

system, a gas mixture supply system, an evacuation pump and a cold wall chamber. The 

LTPC process includes the following four steps: 

• Evacuating: The pressure of chamber was evacuated below 10-1 mbar to minimize 

oxygen and nitrogen content and then the gas mixture for carburising was introduced 

into the chamber before DC power on. The pressure was set at 4-5 mbar. 

• Heating: After power on, plasma formed on the surface of samples. Positive ions was 

accelerated and bombarding the sample surface to heat up sample to set temperature. 

The temperature was monitored using a thermal couple. 

• Diffusion: C was absorbed onto the sample surface and diffused into the substrate due 

to chemical potentials difference between sample surface and substrate. 

• Cooling: After 10 hours treatment at 450 °C, the samples were cooled down in the 

chamber with treatment gas mixture until temperature of samples was below 50 °C 

 

For clarity, the samples with and without plasma treatment were coded as shown in Table 

3.2.1.  
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3.3 Characterisation and property evaluation 

3.3.1 Microstructural observation 

3.3.1.1 Preparation of metallographic samples 

The metallographic samples of as-received heat-treated and plasma carburised material were 

prepared by cutting, mounting, grinding, polishing and etching. All the samples were first cut 

using a silicon blade in an Accutom-5 wafering cutting machine. The plasma carburised 

samples were cut normal to the surface.  

 

Then, these samples were mounted in conductive bakelite using a Struers hot mounting device, 

ground down to 1200 grit using a Struers automatic polishing wheel and then polished with 6 

µm diamond paste on a satin woven acetate cloth, followed by polishing with 1 µm diamond 

paste on a woollen cloth and finally polishing with 0.25 µm colloidal silica paste on a porous 

neoprene cloth. A flat and mirror-like finish was achieved for both optical and electronic 

microscopic observation by this procedure.  

 

Finally, the polished samples were electro-etched in a 15% HNO3 solution using a source of 

direct electric current. The sample served as the cathode and a graphite rod was used as anode. 

After 10 seconds, the samples were taken out and rinsed with water.  

 

Note: The plan-view microstructure of plasma carburised samples was examined in the 

as-carburised condition. 
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3.3.1.2 Optical and scanning electron microscopy (SEM) 

The microstructure of all etched samples and the plan-view microstructure of as-carburised 

samples were inspected by a Carl Zeiss Axioskop 2 MAT mot optical microscope, a Philips 

XL-30 LaB6 filament scanning electron microscope (SEM) and a JEOL 7000 field emission 

gun SEM with Oxford Instruments INCA Energy-dispersive X-ray spectroscopy (EDX) 

detector and Electron backscatter diffraction (EBSD) accessories. The EDX facility was used 

to measure the chemical composition of some microstructure features. The EBSD accessory 

was utilised to determine the phase constituents. 

 

3.3.1.3 Transmission electron microscopy (TEM) 

The microstructures of as-received, heat-treated and plasma carburised samples were 

characterised using a JEOL JEM-2100 LaB6 TEM with an operating voltage of 200 kV. The 

plan-view TEM samples of as-received and heat-treated samples were prepared by a normal 

method consisting of grinding to about 50 µm in thickness and then ion milling to less than 

100 nm in thickness using a Gatan Precision Ion Polishing System (PIPS). The cross-sectional 

TEM samples of plasma carburised samples were prepared by the following steps shown in 

Figure 3.3.1 [142]. (1) Two stacks were cut and glued together using G-1 epoxy on a hot plate 

with the plasma carburised surfaces facing each other. The cross-sectional area of this glued 

stack was 3 x 3 mm2. (2) The glued stack was sectioned to a less than 1 mm-thick piece 

followed by grinding and polishing to about 50 µm. (3) The very thin glued piece was 

separated into two pieces. (4) This piece was finally thinned using a Quanta 3D FEG focus 

ion beam (FIB) miller to less than 100 nm as shown in Figure 3.3.2. 
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3.3.2 Phase identification 

3.3.2.1 X-Ray diffraction (XRD) 

The phase constituents of all samples were investigated using a Philips X’Pert X-Ray 

diffractometer with a Cu-Kα radiation (λ=1.540598 Å). A monochromatic X-ray beam 

impinged the sample surface with an incident angle 2θ from 20° to 100° at a step of 0.02° 

with a measure time of 1 s per step. The data were collected and analysed by High score 

X’pert software to identify the phases. 

 

3.3.2.2 Electron backscatter diffraction (EBSD) 

The phase constituents of heat-treated and plasma carburised samples were also examined by 

EBSD using an Oxford Instruments camera and associated INCA software attached to JEOL 

7000 SEM by indexing the Kikuchi patterns. The samples were tilt to 70° and facing the 

phosphor screen. The EBSD measurements were carried out at a low magnification of 1000 

times in order to get information from a sufficient number of grains and performed under an 

operating voltage of 20 kV in order to generate enough signals. EBSD maps were obtained 

from each samples using a step size of approximately 0.47 µm. Any microstructures with a 

thickness less than 0.47 µm cannot be detected. 

 

3.3.2.3 TEM observation 

The microstructure, phase constituents and the orientation relationship between phases in 
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as-received, 40HCP and 40HCP-PC samples were studied using a JEOL 2100 LaB6 Emission 

TEM by indexing the electron beam diffraction patterns.  

 

3.3.3 Composition depth profiling  

A LECO GDS-750 QDP glow discharge spectrometer (GDS) was used to probe the chemical 

composition changes as a function of depth. The atoms in sample surface are ejected and 

excited by an argon plasma. The excited atoms finally return to their fundamental energy 

level and emit a characteristic X photon which is measured with spectrometers. The 

concentrations of elements in a certain depth can be determined from the intensity of the 

characteristic photons. The machine was calibrated for Co-Cr-Mo alloy to determine the 

chemical composition 

 

3.3.4 Mechanical property measurement. 

3.3.4.1 Microhardness and load bearing capacity measurement  

Microhardness and depth hardness profiling 

The microhardness of the as-received and heat-treated samples and the hardness depth 

profiles of the plasma carburised samples were measured using a Mitutoyo hardness machine 

under a load of 25 g for a measure time of 10 s with a Vicker pyramid indenter. 

 

Load bearing capacity 

The load-bearing capacity of the plasma carburised samples was also evaluated using the 



 

53 

Mitutoyo hardness machine applying a load ranging from 10 g to 1000 g for a measure time 

of 10 s. A Vicker pyramid indenter was employed to obtain the hardness value. 

Post-indentation observation using SEM was carried on the indents of all plasma carburised 

samples to investigate the crack shape and location. 

 

3.3.4.2 Nanoindentation test 

Nanoindentation tests with a diamond Berkovich indenter were carried out on the FCC, HCP, 

FCC-PC and HCP-PC sample surfaces for the measurement of mechanical properties without 

effect of substrate.  

During a nanoindentation test, load and displacement were recorded when the indenter was 

pressed into the sample surface at peak load of 100 mN for a duration of 10 s using a 

computer controlled Nano Test 600 machine. At least 10 points were selected to test on each 

sample to ensure the reliable determination of hardness and reduced modulus values of 

samples. The typical load-displacement curve (P-h curve) is shown in Figure 3.3.3 and 

schematic representation of cross-sectional view of an indent showing the parameters used for 

calculating hardness (H) and reduced elastic modulus (Er) is depicted in Figure 3.3.4 [143]. 

Hardness (H) and reduced elastic modulus (Er) were calculated based on the P-h curves 

following the Oliver – Pharr method [143]. The equations were as follows: 
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Equation 3.3.1 

Equation 3.3.2 

Equation 3.3.3 
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where Pmax is the peak load, A is the contact area, P is the load, h is the displacement and S is 

the measured stiffness based on the partial fitting of the 20% unloading curve.  

 

The contact area can be determined by an area function F(hc). 

A = F(hc) 

h! = h− h! 

h! = ϵ
P!"#
S  

where hc is the calculated plastic depth, hs is the displacement of the surface at the perimeter 

of the contact, hmax is the displacement at peak load and 𝜖 is the geometric constant of 

indenter. 

 

3.3.4.3 Nanoindentation associated with EBSD technique 

Nanoindentation tests were carried out on the 40HCP sample coupled with post-indentation 

EBSD examination to investigate the relationship between mechanical properties and 

different grain orientations. 100 tests were carried out in a arrangement of 10 x 10 in a square 

area using a computer controlled Nano Test 600 machine. The testing peak load was 100 mN 

and the duration time was 10 s. 

 

For plasma carburised sample (40HCP-PC), cross-sectional nano-hardness was measured 

after selecting an EBSD-examined area. After nanoindentation, the indented area was 

re-studied by EBSD. The nano-hardness depth profiles of both original FCC and HCP Co 

phases area were obtained. 

Equation 3.3.4 

Equation 3.3.5 

Equation 3.3.6 
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3.3.5 Wear test 

A reciprocating tribometer was used to evaluate the sliding wear resistance of all samples. 

Schematic diagram of the reciprocating tribometer is shown in Figure 3.3.5. The tester 

employs an 12.5 mm diameter WC/Co ball articulating against the specimen surface under a 

load of 30 N at a stroke length of 4 mm at a frequency of 0.92 Hz and the total sliding 

distance was 172.224 m. The ball contains 8 % cobalt and 94% tungsten carbide. The 

hardness of counterpart ball is 1500 HV and Young’s modulus is 629 GPa. The Hertzian 

contact stresss is around 1117 GPa. Each test were repeated at least three times. The wear 

volume was obtained by integrating the cross-sectional area of the wear track determined by a 

profilometer, and then multiplying the length of track. The wear factor was calculated by 

dividing the wear volume by the sliding length and load. An Ambios XP-200 Stylus Profilers 

was also used to record the change in surface morphology to profile sliding wear track and 

surface roughness. The wear tracks were inspected using SEM and EDX for determining the 

chemical composition of wear debris and wear tracks.  

 

3.3.6 Corrosion Test 

Potentiaodynamic polarisation tests were carried out to assess the corrosion properties of both 

untreated and treated samples in full strength Ringer’s solution (NaCl 6 g, KCl 0.075 g, CaCl2 

0.1 g, NaHCO3 0.1 g per litre of water) which was made by dissolving eight 1/4 strength 

Ringer’s solution tablets bought from LAB M company in distilled water (approximately pH 

7.8). A flat cell was used with a working electrode area of 1 cm2. A Ag/AgCl electrode was 
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served as reference electrode, a platinum wire was used as the auxiliary electrode, and the 

sample was mounted as a working electrode. Cyclic potentiodynamic measurements were 

conducted to obtain the polarization curve using an ACM GILL AC potentiostat. The scan 

rate is 1 mV/s and testing time for OCP is 10 minutes. The sample surfaces before and after 

corrosion tests were examined using SEM. 

 

3.3.7 Tribocorrosion Test 

Before tribocorrosion tests, samples were washed in soap water, rinse well, then cleaned in 

acetone and dried in air. Schematic diagram of the tribo-electrochemical cell is depicted in 

Figure 3.3.6 [84]. Before assembling into the tribo-electrochemical cell, samples were masked 

using lacquer to create a test area of 1.3 x 1.3 cm2 exposed to the electrolyte. 1M Ringer’s 

solution was used as the electrolyte. A Saturated Calomel Electrode (SCE) served as the 

reference electrode, a platinum wire was used as the auxiliary electrode, and the sample was 

mounted as a working electrode. An alumina ball of 8 mm in diameter was used as the slider. 

The hardness and the young’s modulus of the ball is 1700 HV and 371 GPa, respectively. 

 

The tribocorrosion test system was composed of a pin-on-disc tribometer and an 

electrochemical potentiostat. During the tests, the samples fixed in the tribo-electrochemical 

cell were rotating against the stationary alumina ball, under testing load and speed conditions. 

Friction coefficient was recorded under various testing conditions. At the same time, 

electrochemical measurements were performed using an ACM GILL AC potentiostat. 
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Cyclic potentiodynamic measurements were conducted to obtain the polarization curve during 

sliding at a contact load of 20 N and a rotation speed of 60 rotations per minutes (rpm) after 

600 s OCP stabilization. The hertian stress is around 1166 GPa. These tests conditions were 

selected for comparison purpose since Sun et al. [84] investigated the tribocorrosion 

behaviour of S-phase surface engineered AISI 316 stainless steel under the same conditions. 

“Sliding under load” was used in this study to represent the conditions when the rotating 

sample under load. Cyclic potentiodynamic measurements of rotating samples at a speed of 

60 rpm were also performed without load on samples after 600 s OCP stabilisation to indicate 

the contribution from unworn area outside the wear track to material tribocorrosion behavior 

during unidirectional sliding. “Rotation without load” was used to represent the conditions 

where the sample rotates without load as a benchmark to “sliding” to show corrosion effect.  

 

After cyclic polarisation measurement, four potentials were selected and applied on each 

sample constantly and each potentiostatic test conducted on the sample for 4800 s including 

600 s before sliding, 3600 s during unidirectional sliding and 600 s after sliding. Each test 

was repeated once. The scan rate is 1 mV/s. 

 

After each test, a profilometer was employed to measure cross-sectional profile of wear track. 

Each wear track was repeatedly measured for at least 3 times at 3 different positions to get 

wear area. The wear volume was calculated by multiplying average wear area by 

circumferential length of the wear track. The wear tracks and counterpart balls were studied 

using a Brunel SP80 optical microscope and a Philips XL-30 LaB6 filament SEM with EDX 
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accessory. 
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CHAPTER 4 RESULTS 

As described in the experimental part, a serried of heat treatments were designed for the heat 

treatment of the as-received ASTM F1537 Co-28Cr-6Mo alloy (AR) to obtain materials with 

different percentages of ε-HCP Co phase in the microstructure. The samples coded FCC and 

HCP in this study represent the materials with nearly fully (>95%) α-FCC phase and nearly 

fully (>95%) ε-HCP Co phase, respectively since it is difficult to get 100% α-FCC or 100% 

ε-HCP structures after many heat treatment attempts. The AR sample was used as the bench 

mark for the heat-treated samples. Then, the heat-treated materials with different percentages 

of ε-HCP Co phase were plasma carburised in conventional direct current furnace using the 

same optimal treatment conditions (time, temperature, gas mixture and pressure). 

 

A series of microstructure characterisation and property evaluation were carried out on all 

samples in order to systematically study the response of the Co-28Cr-6Mo alloy with different 

FCC/HCP phase constituents to low temperature plasma carburising (LTPC) treatment in 

terms of microstructure, mechanical properties (micro-hardness and nano-hardness), dry wear, 

corrosion and tribocorrosion behaviour.  

 

In this chapter, the experimental results are presented in order of microstructure (including 

as-received (AR), heat-treated and plasma carburised), mechanical properties (including 

micro-hardness and nano-hardness), corrosion (corrosion resistance of all samples), tribology 

(wear resistance of all samples) and tribocorrosion (including potentiodynamic sliding tests 

without load, potentiodynamic sliding tests under load, effect of potential on electrochemical 
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behaviour during potentiostatic sliding wear test and effect of potential on wear performance 

during potentiostatic sliding wear test). 

 

4.1 Microstructure of as-received material 

In order to systematically investigate the microstructure of the as-received Co-Cr samples, 

these samples were observed by optical microscopy, SEM and TEM. EDX analysis was 

carried out on the AR sample to investigate the chemical composition of localised areas or 

phase. Both XRD and TEM analyses were performed to identify the phase constituents of the 

AR sample. 

  

The microstructure of the as-received materials, as shown in Figure 4.1.1, consists of 

equiaxed matrix grains approximately 8 µm in diameter and particles mainly along grain 

boundaries. The size of these particles varied from 0.5 to 4 µm as detailed in SEM 

micrographs (Figures 4.1.2-4.1.3). The composition revealed by the EDX on spot 1 is close to 

that of the alloy although it showed a lower content of Mo and a higher content of C than in 

the alloy. Most probably, the large instrument error of EDX for the measurement of such light 

element of carbon may have, to some extent, led to the relatively low value of Mo measured. 

The EDX analysis on the large particles denoted as spot 2 in Figure 4.1.3 showed a high 

content of carbon, chromium and molybdenum. While spot 3, on the small particle, showed a 

high content of carbon and molybdenum. The content of cobalt in these particles (spots 2 and 

3) are relatively lower than that in the matrix (spot 1). This may indicate that the large 

particles are chromium carbides and the small ones are molybdenum carbides.  
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The XRD chart of the as-received material is shown in Figure 4.1.4. It can be seen that the 

as-received material possesses two phases of α-FCC and ε-HCP with the former dominating 

as evidenced by the high intensities of α(111) and α(200) peaks. The d-spacing of (111)α and 

(200)α peak was 0.206 nm and 0.179 nm respectively, from which the lattice parameter of the 

α-FCC Co was calculated to be a=0.358 nm. The lattice parameter of the α-FCC phase in this 

Co-28Cr-6Mo alloy is larger than that of pure Co α-FCC phase (a=0.354 nm), which is 

mainly due to the substitution of larger atoms of Cr and Mo to Co atoms. No clear peaks of 

carbides could be identified from the XRD chart with certain confidence mainly due to the 

broadening and overlapping of the peaks of the α-FCC and ε-HCP Co phases in conjunction 

with a high background. Therefore, TEM was used to further characterise the microstructure. 

 

Figure 4.1.5 shows the plan view TEM microstructures of the AR sample and corresponding 

selected area diffraction (SAD) patterns of carbide and α-FCC matrix. Figure 4.1.5a shows an 

equiaxed large carbide denoted as B in the α-FCC matrix, which contains annealing twins 

(denoted as C). The diffraction pattern from the carbide (Figure 4.1.5b) can be indexed to 

[112] zone for M23C6 (M=Cr0.77Co0.15Mo0.08) (a=1.084 nm).	
   	
  

	
  

Figure 4.1.6 shows typical defects such as annealing and micro twins (Figure 4.1.6 a) and 

stacking faults (Figure 4.1.6 b) in the AR sample, mainly due to the low stacking fault energy 

of Co-Cr alloy which facilitates the formation of stacking faults. Thin plates of ε-HCP phase 

were observed within α-FCC grains, as can be seen in Figure 4.1.7. A relationship between 

α-FCC and ε-HCP Co phases was found as (Figure 4.1.7 b): [111]α	
   // [001]ε and (112)α	
   // 
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(010)ε.	
   	
   This indicates that the α-FCC and ε-HCP Co phases follow the Shoji–Nishiyama (S–

N) orientation relationship which was also observed by Li [144]. 

 

4.2 Microstructure of heat-treated samples 

In order to obtain samples with different FCC/HCP phase constituents, As discussed in 

Chapter 3, a series of heat treatments were designed (see Table 3.2.1) and applied to the AR 

samples by referring the study done by Saldívar García et al. [36] to obtain samples with 

nearly fully α-FCC (sample FCC), nearly fully ε-HCP (sample HCP) and mixed 

α-FCC/ε-HCP (sample 40HCP).  

 

The heat treated samples were XRD scanned and the intensity of peak 1011 HCP and 

[200]FCC were used to calculate their HCP percentages using Equation 4.2.1 developed by 

Gilland and Sage [36]. 

 

f!"# wt  % = !!"!!
!"#

!!"!!
!"#!!.!  !!""!""                   Equation 4.2.1 

 

A summary of calculated weight percentage of the HCP phase in three treatment conditions is 

shown in Figure 4.2.1. It can be seen that the constituent of HCP structure can match with the 

treatment designed although a small quantity of ε-HCP and α-FCC phase remained in the 

FCC and HCP samples. It is difficult, if not impossible, to get a full FCC or HCP structure 

under the laboratory conditions obtainable. The HCP percentage of each sample was also 

confirmed by EBSD analysis as summarised in Table 4.2.1. (Details will be reported in 
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Sections 4.2.1-4.2.3) Comparing Figure 4.2.1 with Table 4.2.1 revealed some small deviation 

in HCP phase concentration. This is mainly caused by the different methods employed they 

have their own limitations. For example, some limitations in determining the phase 

constituents by EBSD need to be considered such as unsolved areas, grain boundaries and 

defects of the microstructure and residual stress etc.  

 

All the heat-treated samples were also characterised by optical microscopy, SEM, TEM and 

EDX and the detailed results are reported in the following sub-sections according to the three 

groups of samples with different phase constituents. 

 

4.2.1 FCC sample 

Figure 4.2.2 shows the XRD pattern of the FCC sample with more than 95% α-FCC phase. 

As indexed, the XRD pattern is dominated by strong α-FCC phase peaks with only one weak 

ε-HCP peak ε(1011). The d-spacing of α(111) peak was 0.207 nm, from which the lattice 

parameter of α-FCC Co was calculated to be a=0.359 nm, which is marginally larger than or 

similar to that (0.358 nm) for the α-FCC Co in the as-received materials.  

 

The microstructure of the FCC sample (Figure 4.2.3) is composed of equiaxed grains in the 

size from 8 to 100 µm in diameter. The carbides observed for the AR sample shown in Figure 

4.1.2 were mostly dissolved during the 1200°C/1.5 h solution treatment as only very small 

particles (Figure 4.2.3a). Detailed high resolution SEM observation shows a high density of 

twins (Figure 4.2.3b denoted as T) and small carbides in the size of 1 µm (Figure 4.2.3b 
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denoted as P). 

 

EBSD technique was also used to further confirm the phase constituent obtained by XRD and 

to study the distribution of phases and their orientation (Figure 4.2.4). It was found that the 

area fraction of ε-HCP phase is only 0.1% in solution treated conditions (Table 4.2.1). This 

discrepancy could be caused by the fact that some micro-twins planes may have contributed 

to the intensity of the ε(1011) peak in the XRD chart shown in Figure 4.2.2. This is supported 

by the high density of micro twins detected by EBSD (Fig. 4.2.4c). Grain orientation map 

shown in Figure 4.2.4 (c) indicates that the grains are randomly orientated with no preferred 

orientation, which is in line with most solution treated microstructure.   

 

4.2.2 HCP sample 

Figure 4.2.5 is the XRD pattern taken from the HCP sample, which was treated by aging at 

850°C for 15 h (Table 3.2.1). Indexing of the peaks identified high intensity of ε-HCP peaks 

ε(1010), ε(0002) and ε(1011) peaks at 2θ 41.2°, 44.3° and 47.0°. Only one low intensity 

independent α(200) peak at 2θ 51.0° for α-FCC phase was indexed . The weight percentage of 

ε-HCP phase was calculated to be 97.01% based on the Equation 4.2.1, which indicates that 

the 850°C/15h aging treatment after solution treatment resulted in a nearly full HCP structure. 

A large amount of low intensity peaks can be seen in Figure 4.2.5 from the XRD pattern of 

HCP sample, which could be tentatively indexed to Co2Mo3 σ phase as denoted by the vertical 

lines. Further EDX and TEM investigation was carried out to identify carbides and σ phase. 
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The microstructure of etched HCP sample is shown in Figure 4.2.6, revealing some different 

microstructural features compared to the FCC sample (Figure 4.2.3) with equiaxed grains. 

High magnification SEM image of the HCP sample (Figure 4.2.6b) shows irregular shaped 

discontinuous particles and plates with various thicknesses embedded in the equiaxed matrix 

grains. Based on the XRD results, the matrix grains contributed to the dominant ε-HCP Co 

phase and the plates and irregular shaped particles within grains and along grain boundaries 

could be σ phase or carbides. 

 

Figure 4.2.7 shows the EBSD phase map and crystal orientation map of the HCP sample, 

which confirmed that the HCP sample is dominated by ε-HCP phase with a small amount of 

residual α-FCC phase. The area percentage of the ε-HCP pahse is measured to be 94.40% as 

summarised in Table 4.2.1, which is consistent with the results calculated by XRD analysis. 

The thin-plate carbides cannot be detected by EBSD phase mapping (Figure 4.2.7b), mainly 

because they are too thin (less than 0.5 µm) to be resolved due to the resolution limitation of 

the detector. Figure 4.2.7c shows the crystal orientation map of the ε-HCP phase, which 

indicates randomly orientated ε-HCP grains. Compared with the solution-treated FCC sample 

shown in Figure 4.2.4c, the HCP grains size is smaller and the grain boundaries are more 

irregular, which implies that the phase transformation from α-FCC to ε-HCP phases are via 

the nucleation and growth within original the α-FCC grains. 

 

Figure 4.2.8 is the back-scattered electron (BSE) microscope image of the unetched HCP 

sample showing the maxtrix ε-HCP grains with varying contrast. No difference in chemical 
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composition can be found among slightly differently contrasted matrix grains according to 

repeated EDX point chemical composition analysis on each grain. The difference in contrast 

among grains is most probably caused by the different crystal orientations [145]. Figure 4.2.9 

shows a high magnification BSE image with corresponding EDX line scan and point analysis 

on the plates and irregular shaped particles. It can be seen that the dark and white contrasted 

thin and irregular shaped particles were distributed within the grains and along grain 

boundaries. The EDX line scan analysis across the dark contrasted thin plate and irregular 

features in Figure 4.2.9 revealed a high content of Cr, Mo and C and low content of Co. These 

dark contrasted precipitates within grains could possibly be M23C6, which will be further 

discussed in TEM section.  

 

Figure 4.2.10 shows the BSE image of the unetched HCP sample and corresponding EDX 

point analysis. It can be seen that the white contrasted island-like particles are rich in Mo and 

Cr and lean in Co than that in the matrix (point 3). However, the carbon content is equivalent 

to the matrix. From above EDX results, it may imply that this white contrasted particles could 

possibly be a Co2(Cr, Mo)3 structured σ phase. The EDX analysis on the dark contrasted 

irregular shape microstructure along grain boundaries revealed high Mo, Cr and C content and 

low in Co content, which is possibly M23C6 carbides. Again, TEM work was carried out to 

confirm this (see Section 4.2.4). 

 

4.2.3 40HCP sample 

Figure 4.2.11 shows the XRD pattern taken from 40HCP sample with, as expected, a high 
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intensity of both ε-HCP and α-FCC peaks. Based on Equation 4.2.1, the weight percentage of 

the ε-HCP phase in the sample was calculated to be 39.01% as shown in Figure 4.2.1. This 

sample was solution treated and short time (4 h) aged and water quenched, which resulted in 

40% HCP phase. This indicates an uncompleted FCC to HCP phase transformation as 

designed for mixed ε-HCP and α-FCC phases. 

 

Optical and SEM microstructures shown in Figures 4.2.12 and 4.2.13 revealed a mixed 

structure of ε-HCP and α-FCC phases. It assembles the FCC structure (less feature grains) and 

the HCP structure (ε-HCP grains with σ phase and carbide precipitates) as described in 

Sections 4.2.1 and 4.2.2. 

 

Figure 4.2.14 shows the EBSD phase maps and crystal orientation map of the HCP sample. 

The area percentage of the HCP sample is measured to be 49.70% as summarised in Table 

4.2.1, which is 10% more than the results calculated by XRD analysis (Figure 4.2.1). As 

discussed in Section 4.2.1 and the beginning of this chapter, the limitation of EBSD for 

defected crystals is responsible for the difference. It can be seen from Figures 4.2.14 (c) and 

(d) that no preferred orientation of FCC and HCP grains were observed; however, some HCP 

thin plates were formed along the twinning boundaries. 

 

4.2.4 TEM analysis on the heat-treated samples 

SEM and EDX analysis (Figure 4.2.8 – 4.2.10) revealed three types of precipitates in the HCP 

matrix: 
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1. Long thin plates, rich in C and Cr  

2. Small particles, rich in C and Cr  

3. Irregular shaped particles rich in Mo  

In addition, some particles along grain boundaries were formed in the HCP and 40HCP 

samples. In order to identify these particles precipitated in the ε-HCP dominated samples, 

TEM was carried out on the 40HCP sample. 

 

Figures 4.2.15a and b show the TEM longitudinal and transverse view of the thin plate 

precipitates observed by SEM. It can be seen that the thin plates have a shape of thin rectangle 

block. Indexing of the SAD patterns from these blocks revealed a Cr23C6-like carbide: M23C6, 

M = Cr, Mo. Figure 4.2.16 shows 2110  ε-HCP matrix pattern superimposed with twin set 

of [110] M23C6 patterns in an orientation of 2110 HCP // [110]M23C6, (0002)HCP // 111 M23C6. 

Calculated crystal constant from the SAD pattern is a = 1.084 nm.  

 

Figures 4.2.17a and 4.2.18a are TEM microstructures of irregular precipitates presented 

within HCP grains and along grain boundaries, respectively. It was found from the 

corresponding SAD patterns (Figures 4.2.17 b and 4.2.18 b) that these precipitates are M23C6, 

M = Cr, Mo.  

 

The existence of the σ-Co2(Mo,Cr)3  phase was confirmed for these white contrasted particles 

shown in the BSE image (Figures 4.2.10). As shown in Figure 4.2.19, TEM microstructure 

and corresponding SAD pattern revealed particle Co2(Cr,Mo)3 σ phase in the ε-HCP matrix 
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and SAD pattern of 40HCP sample [123].	
  

	
  

Figure 4.2.20 shows the microstructure of ε-HCP plates embedded in the FCC matrix and 

corresponding diffraction patterns. Indexing of the diffraction patterns revealed that the 

ε-HCP phase maintained a preferred orientation with the FCC phase, [2110]ε // [110]α, 

(0001)ε//(111)α. 

 

4.3 Microstructure of plasma carburised samples 

The above FCC, HCP and 40HCP samples were all surface plasma carburised at 450°C for 10 

h. The AR sample was not plasma carburised due to many large intergranular carbides which 

caused the problem on investigating the effect of HCP and FCC Co on the plasma carburised 

layer. In order to investigate the layer structure and phase constituents of the plasma 

carburised samples, XRD analysis was carried out on all plasma carburised samples. The 

cross-section and plan view microstructures of these samples were examined by both optical 

microscopy and SEM in low and high magnifications. GDS was performed to investigate the 

element depth concentrations to reveal the diffusion depth of carbon in different substrates. 

Finally, TEM analysis was carried out on HCP-PC and 40HCP-PC samples. The surface layer 

phase transformation during the low temperature plasma carburising treatment has been 

studied. 

 



 

70 

4.3.1 FCC-PC 

The XRD patterns of the FCC and FCC-PC samples are shown in Figure 4.3.1. It can be seen 

that the FCC-PC sample showed a set of XRD peaks similar to that for the FCC sample but 

shifted to lower angles. This is the characteristic of carbon S-phase [146] and the peaks can be 

indexed to FCC structured S-phase planes as shown in Figure 4.3.1. The d-spacing of S(111) 

and S(200) was 0.218 nm and 0.190 nm respectively, which are significantly larger than that 

of α(111) (0.207 nm) and α(200) (0.180 nm) of the FCC sample indicating the supersaturation 

of carbon in the S-phase layer. The HCP peak shown in the FCC sample was not detected in 

the surface layer after plasma carburising treatment. This may indicate a HCP to FCC phase 

transformation during the plasma carburising. 

	
  

Figure 4.3.2 shows the OM and SEM surface morphology of the FCC-PC sample. Because of 

the plastic deformation during the plasma carburising, surface features can be clearly seen in 

terms of equiaxed grains with many twins. Compared with the surface morphology of FCC 

sample (Figure 4.2.3), no change in grain size can observed but strong surface relief and more 

crystal defects, such as twins and slip lines are evidential (Figure 4.3.2 b). OM and SEM 

observations on the cross-sectional section of the FCC-PC sample revealed a featureless 7 µm 

- thick surface layer (Figure 4.3.3). A white line between the surface layer and the substrate 

was observed in the optical micrograph (Fig. 4.3.3a) but no such boundary can be observed in 

the SEM micrograph (Fig. 4.3.3b). This is the characteristic of the carbon S-phase, indicating 

that no precipitation or compound was formed during the plasma carburising treatment. 
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GDS composition depth profiles of the FCC-PC sample are shown in Figure 4.3.4, 

demonstrating that carbon was diffused into the surface of the FCC sample during the plasma 

carburising process and it peaked at the outmost surface (about 15 wt%). As the distance from 

the surface increased, the carbon concentration decreased to a substrate value at a depth of 7 

µm, which is in good agreement with the optical and SEM observations (Figure 4.3.3) of the 

carburised case. The content of chromium and molybdenum was high at the surface and 

decreased with the depth, while the content of cobalt was low at the outmost surface and then 

increased with the depth, indicating that the outmost surface layer was rich in chromium, 

molybdenum and lean in cobalt. 

 

4.3.2 HCP-PC 

The XRD patterns of the HCP and HCP-PC samples are shown in Figure 4.3.5. Compared 

with the XRD patterns of the HCP sample, the XRD pattern of the HCP-PC sample changed 

in two aspects. Firstly, original ε-HCP peaks and α-FCC peaks are still presented but shifted 

to lower angles, indicating expanded ε and α phases (S-phase) due to carbon alloying during 

the plasma carburising treatment. Secondly, a new peak at 2θ 38° and some other weak peaks 

were detected which cannot be confidently indexed to any known phases due to the 

broadening and overlap possible between 2θ 40°~50°. Further TEM analyses were carried out 

and the results will be delivered in Section 4.3.3. 

 

An OM image taken from the surface of the HCP-PC sample (Figure 4.3.6) shows similar 

features as for the untreated HCP sample (Figure 4.2.6). However, the high magnification 
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SEM image shown in Figure 4.3.7 revealed a different feature (Figure 4.2.6): fine particles 

distributed evenly over the whole surface. A cross-sectional optical micrograph showed a 

very thin layer on the top of the HCP-PC sample (Figure 4.3.8). Further high resolution SEM 

observation (Figure 4.3.9) revealed a 2 µm-thick surface layer consisting of fine needles 

grown from surface towards the cone and oriented differently within different matrix HCP 

grains. 

 

The GDS composition depth profiles of the HCP-PC sample are shown in Figure 4.3.10. It 

indicates that carbon was diffused into the ε-HCP sample during the plasma carburising 

treatment. However, the carbon diffusion depth was only about 2-3 µm, which was much 

shallower than that of carbon diffusion layer formed on FCC-PC sample. The carbon content 

at the outmost surface for the HCP-PC sample was about 10 wt%, which was also much lower 

than that for the FCC-PC sample. 

 

4.3.3 TEM analysis on the 40HCP-PC sample 

As the 40HCP sample consists of about 40% ε-HCP and 60% α-FCC phase, its response to 

surface plasma carburising would be determined by both α-FCC and ε-HCP phases. As can be 

seen in Figure 4.3.11, XRD patterns of the 40HCP-PC sample could be indexed to S-phase 

and expanded εc-HCP phase with a peak at 2θ 38° difficult to index. Figures 4.3.12 and 4.3.13 

show the surface morphology and surface layer structure for the 40HCP-PC sample, 

respectively. It can be seen that the observed surface features and layer structure from the 

FCC-PC and the HCP-PC samples are presented in the original α-FCC and ε-HCP grains. A 
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major difference in surface layer thickness can be clearly seen in Figure 4.3.13 with only 2	
  

µm	
  layer	
  formed	
  in	
  an	
  original ε-HCP grains	
  but 7 µm formed in an original α-FCC grain. 

Again, the GDS composition depth profiles of the 40HCP-PC sample, shown in Figure 4.3.14, 

is an average value of FCC-PC and HCP-PC samples with a carbon diffusion depth of 5 µm. 

 

TEM study on plasma carburised surface layer was carried out on the 40HCP-PC sample, 

which made it possible to characterise the surface layers formed during plasma carburising on 

both ε-HCP and α-FCC structured matrix in one sample. 

 

Figure 4.3.15a is a stitched TEM microstructure showing a surface layer structure formed on 

an original α-FCC grain. As can be seen from the microstructure, there is no clear interface 

can be identified. The dotted line drawn on the figure for the interface between the carburised 

layer and the substrate was based on the thickness measured from SEM observation. SAD 

patterns taken from the surface layer, from top to interface, even further towards the substrate, 

revealed same FCC structure zone patterns of B = [110]. However, the d-spacing calculated 

based on the SAD patterns from the carburised layer is changed with the distance from the 

outmost surface. The closer to the surface, the bigger the d-spacing, which is consistent with 

the carbon depth distribution. Compared with the SAD patterns shown in Figure 4.3.15c, the 

pattern from the top area A (Figure 4.3.15a) is characterised by faint spots and distortions, 

while the pattern shown in Figure 4.3.15c taken from the area B close to the interface shows 

sharp spots and identical pattern. 
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Figure 4.3.16a shows the TEM microstructure of the carburised surface layer formed in 

ε-HCP structured grain. The SAD patterns from this layer have been systematically analysed 

and a Co3C (PDF code: 00-026-0450) phase was identified (Figures 4.3.16b and c) for the 

fine needles formed on the original HCP grains after plasma carburising treatment. The Co3C 

needles grew in the HCP matrix with a preferred relationship of [0110]HCP // [210]Co3C, (0002) 

HCP // (122) Co3C. The elongation of the diffraction spots and the strikes in Figure 4.3.16b was 

perpendicular to the needles, indicating fine needle shape effect of the Co3C microstructure. 

The M23C6 particles observed in the HCP sample (Figures 4.2.15-4.2.18) were also found in 

the surface layer of HCP-PC sample as evidenced in Figures 4.3.17 and Figure 4.3.18, 

indicating no phase transformation for those carbides during plasma carburising.  

 

Above observed surface layer structures within α-FCC and ε-HCP grains are representative of 

FCC and HCP samples, respectively, as SEM observation revealed in section 4.2.1 to 4.2.3 

showed analogy surface layer structures of the later to the former. 

 

4.4 Mechanical properties 

As described in Chapter 3, Surface hardness was assessed on all samples using a 

microhardness tester to show the effect of heat treatment and low-temperature plasma 

carburising (LTPC) treatments on the hardness of ASTM F1537 Co-28Cr-6Mo alloy. 

Nanoindentation was conducted on sample surfaces to investigate the mechanical response of 

FCC/HCP phase constituents to the LTPC treatments. Cross-section microhardness was 

measured on all plasma carburised samples to study the change of hardness with depth. 
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Cross-section nano-hardness was also assessed on the 40HCP-PC sample to obtain a phase 

related depth nanohardness profiles. Microhardness under different loads was evaluated on all 

plasma carburised samples to investigate the load-bearing capacity. 

 

4.4.1 Microhardness 

The microhardness of heat-treated and plasma carburised samples was measured under a low 

load of 25g. The microhardness of heat-treated samples was used to investigate the effect of 

ε-HCP phase content on sample hardness, which acted as bench marks for the surface 

hardness after plasma carburising. The cross-section hardness profiles of plasma carburised 

samples were also measured to investigate the effect of concentration of carbon on hardness 

in micro scale with association of the corresponding GDS results. The load-bearing capacity 

of plasma carburised samples was assessed by means of microhardness at different loads. 

 

4.4.1.1 Heat-treated samples 

The microhardness of as-received (AR) and heat-treated samples is presented in Figure 4.4.1. 

Compared with the hardness of the AR sample (509HV), the hardness of the solution 

heat-treated FCC sample is similar (486HV). However, after aging at 850°C for 4 and 15 h 

the hardness of the corresponding 40HCP and HCP samples increased to 548HV and 604HV, 

respectively. The change in hardness after different heat treatments can be attributed to the 

microstructure evolution. As reported in the last section, the FCC sample is nearly fully 

α-FCC structured and hence has showed the lowest hardness whilst the HCP sample is nearly 
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fully ε-HCP structured and thus has exhibited the highest hardness. The 40HCP sample with a 

mixture of ε-HCP and α-FCC structure showed a hardness value in between the hardness for 

FCC and HCP. This implies that the hardness of the heat treated samples increased with the 

percentage of ε-HCP phase in their microstructures. 

 

4.4.1.2 Plasma carburised samples 

Surface hardness 

The surface hardness of low-temperature plasma carburised samples is plotted in Figure 4.4.2. 

Compared with the corresponding heat-treated samples, the surface hardness of all the plasma 

carburised samples significantly increased. For example, after the plasma carburising 

treatment, the surface hardness of an originally α-FCC phase dominated FCC sample 

increased from 486 (Sample FCC) to 1270HV (Sample FCC-PC). The surface hardness of the 

partially (40HCP) and nearly fully ε-HCP structured HCP samples increased from 548HV and 

604HV to 1162HV and 1156HV, respectively following the plasma carburising treatment. 

This clearly indicates that the hardness increase of Co-28Cr-6Mo alloy after the same 

low-temperature plasma carburising treatment depends on the original microstructure i.e. the 

FCC/HCP phase ratios. As evidenced in Figure 4.4.2, the hardening effect is more significant 

for the originally α-FCC dominated FCC sample than for the originally ε-HCP structured 

HCP and 40HCP samples. Judging by the average hardness, the hardening effect conferred by 

the LTPC in generally decreased with increasing the percentage of ε-HCP phase although the 

difference in hardness for HCP and 40HCP is within the experimental error. The potential 

mechanisms involved will be discussed in the discussion chapter.   
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Depth hardness profiles 

Figure 4.4.3 shows the cross-section hardness depth profiles of plasma carburised samples. It 

can be seen from Figure 4.4.3 that the hardness of S-phase layer formed on FCC-PC sample is 

about 1270 HV at the surface, which decreased gradually to the hardness of the substrate 

(FCC sample) about 480 HV at a depth of 9 µm. This is in line with the carbon concentration 

depth profile shown in Fig. 4.4.4 (a). The surface hardness of HCP-PC sample is 

approximately 1160 HV, which decreased sharply with increasing depth. This is in a good 

agreement with the trend of the carbon content depth profile (Fig. 4.4.4c). The hardness depth 

profile of 40HCP-PC sample is in between the hardness depth profiles for the carburised 

HCP-PC and FCC-PC samples. This profile is consistent with the carbon concentration depth 

profile of 40HCP-PC (Fig. 4.4.4b). 

 

4.4.2 Load-bearing capacity of plasma carburised samples 

The load-bearing capacity (LBC) of the plasma treated samples was assessed by measuring 

the hardness under a range of loads and the hardness-load profiles thus obtained for the 

carburised samples are profiled in Figure 4.4.5. It can be seen from Figure 4.4.5 that the 

measured hardness of FCC-PC decreased gradually with load when the applied load is less 

than 50 g and then quickly dropped from 1125 HV to 769 HV when the load increased from 

50 g to 100 g. While for HCP-PC sample, the surface hardness was maintained above 1000 

HV until a 200 g load was applied, when the hardness was reduced to 770 HV. Then the 

hardness was only moderately decreased to HV 620 when the load was further increased from 
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200 g to 1000 g. The hardness of the 40HCP-PC sample continuely decreased with the 

applied load in the range of 25-200 g and this change was slowed down when the applied load 

above 200 g. 

 

Post indentation SEM observation showed that when the load was below 100 g, no cracks 

could be observed for the FCC-PC sample; however, some circumferential cracks were found 

within the indents when the applied load reached 100 g (Figure 4.4.6a). For the HCP-PC 

sample, no cracks can be seen until 300 g as evidenced by the SEM picture shown in Figure 

4.4.6b. Post indentation SEM observations also revealed that for the 40HCP-PC sample, no 

crack can be detected until 300 g, Figure 4.4.6 (c) and (d).  

 

Clearly, it can be seen from Figures 4.4.5 and 4.4.6 that when load under 25 and 50 g, the 

FCC sample has better load bearing capacity than the HCP-PC and 40HCP-PC samples. 

However, when loaded at 100 g or above, the order is changed and the HCP-PC sample 

outperformed the 40HCP-PC and FCC-PC samples. This can be attributed to the following 

two main factors.  

 

The one factor is the effect of the surface and substrate hardness. When the applied load is 

low (for example 50 g), the penetration depth of the indenter is very small. Hence, the 

measured hardness or LBC mainly is determined by the hardness of the surface hardened 

layer. As shown in Figure 4.4.3, the FCC-PC sample possesses the highest hardness within 

the first 6 µm and therefore it has the highest LBC. However, when tested under a load of 100 
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g, the depth of the indentation in all plasma carburised samples was around 2 µm. Hence, the 

depth of stress field was estimated to reach approximately 20 µm using the well-known ‘10 

times rule’. Clearly, the measure hardness is a composite hardness of the surface hardened 

layer and the substrate. Accordingly, the effect of substrate hardness should have played a 

significant role as evidenced by the opposite order in the load bearing capacity. This is 

evidenced in Figure 4.4.2, where the HCP sample exhibited the highest substrate hardness.   

 

The other factor is the different behaviour of crack initiation and propagation for the S-phase 

dominated FCC sample and for the Co3C dominated HCP sample. The cracks in FCC-PC 

sample (Figure 4.4.6a) developed parallel to the edge of indent while those in HCP-PC and 

40HCP-PC sample (Figures 4.4.6b and d) distributed along the boundaries of different 

carbide grains and the edge of indent. This is largely because the surface of FCC-PC sample 

was dominated by a FCC structured solid solution S-phase that was prone to slip under 

contact stress and therefore parallel cracks were produced in the indent. On the other hand, 

the surface layer of HCP-PC sample was composed of brittle and thin-plate-shaped 

orthorhombic structure Co3C carbides with limited slip systems; therefore crack initiated 

along such defects as carbide boundaries and the edge of indent due to bending. 

 

4.4.3 Nanoindentation analysis 

Nanoindentation tests were conducted on some samples to reveal the relationship between the 

nanohardness/reduced modulus and the microstructure and phases (α-FCC, ε-HCP, S-phase 

and Co3C). The 40HCP sample contains a mixture of both α-FCC and ε-HCP Co phases and 
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was used for nanoindentation tests. The EBSD was used to identify the α-FCC and ε-HCP 

grains with nano-indents. Nanoindentation mapping on the cross-section of the surface layer 

formed on 40HCP-PC was also established by EBSD before and post nanoindentation in the 

same area. The results of above investigations are reported in the following parts. 

 

4.4.3.1 Surface nanoindentation of bulk samples 

Figure 4.4.7 depicts the nanoindentation results of hardness (H) and reduced modulus (Er) for 

heat-treated FCC (α-FCC phase dominating) and HCP (ε-HCP phase dominating) samples 

and subsequently plasma carburised FCC-PC (S-phase dominating) and HCP-PC (Co3C 

dominating) samples.  

 

It can be seen that the nanohardness of the FCC sample is 4.9 GPa and after the plasma 

carburising treatment, the surface nanohardness of the FCC-PC sample increased to 12.4 GPa. 

The HCP sample possesses a hardness of 6.7 GPa, which is increased to 12.0 GPa after the 

plasma carburising treatment. This observation is consistent with the surface hardness results 

measured by a microhardness tester shown in Figure 4.4.2. The above surface nanohardness 

results confirm that the LTPC treatment can effectively harden both α-FCC and ε-HCP 

structured Co-Cr alloy surfaces. The nanohardness of the HCP sample is higher than that of 

the FCC sample, confirming that the hardness of Co-Cr alloys should increase with the 

fraction of the ε-HCP Co phase in the microstructure.  

 

The FCC-PC and HCP-PC samples showed very similar nanohardness, indicating that the 
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Co3C layer formed on the HCP structured Co-Cr alloy by plasma carburising is as hard as the 

S-phase case produced on the FCC structured Co-Cr alloy. This observation is not consistent 

with the surface hardness measured by a microhardness tester (see Figure 4.4.2), which 

showed a higher surface hardness for the S-phase case than for the Co3C layer. The 

inconsistence was mainly caused by the effect of the thickness of the surface hardened case. 

As reported in Section 4.1, the thickness of the surface hardened layer formed on the FCC-PC 

and HCP-PC is about 7 and 2 µm, respectively. It is known that the depth of indent produced 

by a microhardness tester is much deeper than that produced by a nanohardness tester. 

Therefore, the stress field produced by the microhardness tester will well exceed the 2 

µm-thin Co3C layer and hence a low composite hardness value is expected. On the other hand, 

the penetration depth of the nano indenter is very shallow and accordingly the hardness 

measured by nanoindentation can reveal the real hardness of the superficial surface area of the 

LTPC treated Co-Cr alloy. 

 

The Young’s modulus (E) of the FCC and FCC-PC samples is very similar (around 240 GPa) 

and difference is not significant when taking account of the experimental error. The HCP 

sample exhibited a reduced modulus of 225 GPa, which was increased to 261 GPa after the 

plasma carburising treatment. The significant increase in E for the plasma treated HCP-PC 

samples is mainly due to the phase transformation from ε-HCP Co phase to Co3C phase 

during the LTPC treatment. 

 

The hardness-to-Young’s modulus ratio (H/E), which is a measure of the elastic deformation 
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capacity, of the FCC, FCC-PC, HCP and HCP-PC samples is shown in Figure 4.4.7b. It can 

be seen that the H/E of the FCC sample (0.021) is lower than that (0.030) of the HCP sample; 

however, after plasma carburising, the H/E of the FCC-PC (0.050) is higher that (0.046) of 

the HCP-PC sample. The above results clearly demonstrate that the LTPC treatment has 

resulted in an increase in H/Er for both originally α-FCC dominating and ε-HCP dominating 

Co-Cr samples with the former being more significant than the latter. Hence, the elastic 

deformation capacity is expected to be improved by the LTPC treatment for both the α-FCC 

and ε-HCP structured Co-Cr samples. 

 

4.4.3.2 Nanoindentation of FCC and HCP grains 

Figure 4.4.8 shows the nanoindentation mapping of the 40HCP sample super-imposed by 

EBSD image to investigate the hardness dependence on the phase constituent (α-FCC Co, 

ε-HCP Co phases) and their grain orientations.  

 

Figure 4.4.8a exhibits the phase distribution of selected testing area revealed by EBSD with 

yellow for α-FCC Co, blue for ε-HCP Co and black for unsolved points due to a low amount 

of back-scattered electron signals. The nanoindents caused the depressions of sample surface 

and the resultant low volume of back-scattered electron signals. As a result, the nanoindented 

areas appear black, which can be used to identify the location of nanoindents. It can be seen 

from Figure 4.4.8a that the 10 x 10 triangular-shaped black nanoindents are distributed on 

both the α-FCC and the ε-HCP grains. Figure 4.4.8b shows the orientation of α-FCC grains 

coloured based on the orientation key inserted in the bottom right corner. Five α-FCC grains 
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with different orientations were picked to measure their nanohardness and reduced modulus 

and the results are plotted in Figure 4.4.8c. The nanohardness of these five α-FCC grains 

varied from 4.1 to 5.6 GPa. Grain 1 exhibited the lowest average nanohardness and largest 

error bar. The nanohardness of grain 2 is slightly higher than that of grain 1 and the variation 

of nanohardness is also very large. The average nanohardness of grains 3 and 4 is similar and 

their error bar is much smaller than that of grains 1 and 2. Grain 5 possessed the highest 

average nanohardness and a small error bar. The E of these five grains is around 240 GPa but 

grains 1 and 2 exhibited a large variation in E.  

 

Figures 4.4.8e and f show the ε-HCP Co phase normal direction grain map and the 

corresponding crystal mimic and reverse pole figures for grains 1-4. The nanoindentation 

results including nanohardness and reduced modulus are summarised in Figure 4.4.8e. For the 

ε-HCP grains, grain 3 and grain 4 possessed the same nanohardness of 7.4 GPa, which is 

higher than that of grain 1 (5.7 GPa) and grain 2 (6.1 GPa). Grain 3 and grain 4 showed a 

smaller error bar compared with grains 1 and 2. Grain 1 exhibited the largest error bar in 

nanohardness. The average E of all ε-HCP grains is around 230 GPa. A very large variation of 

E ranging from 208 to 260 GPa can be observed for grain 1, while grains 3 and 4 showed a 

very small error bar.  

 

4.4.3.3 Cross-section nanoindentation on the LTPC treated surface layer  

Figures 4.4.9 and 10 show the cross-sectional hardness distribution with depth and phase type. 

The indents presented are close to each other and therefore the neighbouring indents, which 
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could influence the value of the other indents. Two typical columns consisting of 7 

nanoindents were selected from fifteen columns to represent the depth distribution of 

nanohardness for originally FCC structured Co-Cr as marked in blue and originally HCP 

structured Co-Cr as marked in red. The nanohardness depth profiles were shown in Figure 

4.4.10. It can be seen that the nanohardness of the originally FCC structured area has a high 

hardness of about 11.2 GPa at the near surface area, which is gradually decreased with the 

depth to reach the substrate hardness at a depth of about 8µm. The original HCP area showed 

a similar nanoindentation value as for the original FCC area but it dropped steeply within the 

first 5 µm before it reached the substrate hardness.  

 

4.5 Electrochemical corrosion 

As described in Chapter 3, in order to investigate their corrosion behaviour in Ringer’s 

solution, anodic polarisation tests were carried out on heat-treated and plasma carburised 

Co-28Cr-6Mo alloy samples. The anodic polarisation curves were plotted and the corrosion 

potential for each sample was estimated. Post-test observations by SEM were carried out on 

all samples to study the corrosion mechanisms involved. The electrochemical corrosion test 

results are reported in this section.   

 

4.5.1 Corrosion resistance of heat-treated samples 

4.5.1.1 Anodic polarisation 

The potentiodynamic polarisation curves of the heat-treated samples are compared with the 
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as-received (AR) sample in Figure 4.5.1. It can be seen that the anodic polarisation curves of 

all the heat-treated samples are different from that of the AR sample. The corrosion potential 

(Table 4.5.1) of the AR sample is -138.3 mV (Ag/AgCl). The FCC sample showed a negative 

shift in corrosion potential to -177.4 mV (Ag/AgCl) compared to the AR sample. The 

corrosion potential of 40HCP and HCP samples also changed to a more negative value of 

-224.1 and -228.9 mV (Ag/AgCl), respectively.  

 

The anodic zone of anodic polarisation curves for the heat-treated samples can be generally 

divided into three zones including passive and transpassive zones, indicating good passivation 

behaviour of the heat-treated samples. While for the AR sample, small vibrations in current 

density as marked by black circle in Figure 4.5.1 can be observed at the very beginning of 

anodic potential most probably due to the electrochemical noise. The corrosion potential of 

the AR is superior to the heat-treated sample.  

 

Within the group of the heat-treated samples, the 40HCP and HCP samples possessed almost 

the same anodic current and corrosion potentials. The nearly full α−FCC Co-Cr alloy (i.e. 

FCC sample) showed a nobler corrosion potential by about 50 mV more positive than partial 

(i.e. the 40HCP sample) and nearly full (i.e. the HCP sample) ε-HCP Co-Cr alloys. This 

indicates that the corrosion potential of the heat-treated Co-Cr alloys decreased by the 

formation of ε-HCP Co phase. 
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4.5.1.2 Post test SEM observations 

Figure 4.5.2 illustrates the SEM microstructure of the AR, FCC, HCP and 40HCP samples 

before and after the anodic polarisation tests. Figures 4.5.2a, c, e and g show typical 

as-polished morphologies before the anodic polarisation tests. After the anodic polarisation 

tests, the SEM micrograph of the AR sample (Figure 4.5.2b) showed clear intergranular 

corrosion around grain boundaries, especially around the boundaries of intergranular carbides 

due to the depletion of chromium in these areas. 

 

The SEM observations on the anodic polarisation tested FCC sample (Figure 4.5.2d) revealed 

less severe intergranular corrosion than the AR sample. This could be attributed to the much 

less carbides due to a 1200 ºC/1.5 h solution treatment and dissolution of carbides. For the 

FCC sample, grain boundaries can be seen after anodic polarisation test, which implies that 

the potentiodynamic polarisation tests led to mild intergranular corrosion along the grain 

boundaries of equiaxed grains of the FCC sample. 

 

Figure 4.5.2f shows the surface morphologies of HCP sample after potentiodynamic 

polarisation tests. Only very fine carbides precipitated during aging treatment can be observed. 

No pits or other localised dissolution area can be found. The 40HCP sample after 

potentiodynamic polarisation tests (Figure 4.5.2h) showed similar feature to the HCP sample 

in the HCP structured area and a mild general corrosion in the FCC structured area. No 

intergranular corrosion or localised dissolution can be found. The post-test observations on 

the AR and heat-treated samples are consistent with the potentiodynamic polarisation curves 
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in Figure 4.5.1 with the AR sample showing severe localised corrosion. 

4.5.2 Corrosion behaviour of plasma carburised samples 

4.5.2.1 Anodic polarisation tests 

The anodic polarisation curves of the plasma carburised samples together with the AR for 

comparison are plotted in Figure 4.5.3 and the corrosion potentials of the plasma carburised 

samples are listed in Table 4.5.2.  

 

As shown in Figure 4.5.3 that after the plasma carburising treatment, the corrosion behaviour 

of Co-Cr alloy changed. It can be found by comparing Table 4.5.2 with Table 4.5.1 that the 

corrosion potential of the FCC-PC sample is -102.4 mV (Ag/AgCl), which is 75.0 mV 

(Ag/AgCl) nobler than that of the FCC sample. The corrosion potential of the 40HCP-PC and 

HCP samples increased from -224.1 and -228.9 to -185.3 and -181.4 mV (Ag/AgCl), 

respectively. Clearly, the low-temperature plasma carburising treatment has led an increase of 

corrosion potential for all the heat-treated samples. The increase of the corrosion potential for 

originally α-FCC structured Co-Cr alloy (i.e. FCC) is more significant than that for partially 

(40HCP) and fully (HCP) ε-HCP structured Co-Cr alloy.  

 

When compared to the AR sample, only the FCC-PC sample showed a nobler corrosion 

potential than the AR sample. In the group of plasma carburised samples, the FCC-PC sample 

exhibited the most positive corrosion potential at -102.4 mV (Ag/AgCl) and slightly lower 

anodic current compared to other two plasma treated samples. The 40HCP-PC and HCP-PC 
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samples possessed similar or almost the same anodic corrosion behaviour. This indicates that 

the S-phase layer produced on α-FCC dominating Co-Cr structure (i.e. FCC sample) 

possessed better corrosion resistance than Co3C layer formed on partially and near fully 

ε-HCP structured 40HCP and HCP samples in terms of corrosion potential and anodic current. 

The anodic zone of anodic polarisation curves for plasma carburised samples can be generally 

divided into passive and transpassive zones, revealing a good passivation ability. 

 

The anodic polarisation curves of materials before and after plasma carburising treatments are 

plotted together in Figure 4.5.4 for the comparison of anodic current. All the plasma 

carburised samples showed a slightly lower anodic current than that for the heat-treated 

samples. Clearly, the plasma carburising treatment has enhanced the corrosion resistance of 

Co-Cr alloy with different fractions of ε-HCP phase in terms of increased corrosion potential 

and reduced anodic current. 

 

4.5.2.2 Post test SEM observations 

Figure 4.5.5 illustrates the SEM microstructure of as-carburised FCC-PC samples before and 

after potentiodynamic polarisation tests. It can be seen that before corrosion test, the surface 

relief of the FCC-PC sample can be clearly seen due to plastic deformation. After the 

corrosion tests, the surface relief of the FCC-PC sample is less profound than that of 

as-carburised one, mainly because the sample surface was covered by a polarisation film 

and/or the general corrosion during the corrosion tests. No pits or intergranular corrosion can 

be found after the corrosion test, indicating that the change of surface morphologies would be 
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mainly due to the general corrosion.  

 

The SEM micrographs of the HCP-PC samples before and after corrosion tests are 

demonstrated in Figure 4.5.6. Before the potentiodynamic polarisation tests, carbides can be 

observed on the surface. While after the potentiodynamic polarisation tests, the surface of the 

sample was covered by dark corrosion products as shown in Figure 4.5.6b and no other 

corrosion features can be found. 

 

However, the 40HCP-PC samples (Figure 4.5.7) showed some mild intergranular corrosion 

near carbides as marked by the white circles after potentiodynamic polarisation tests. 

 

4.6 Tribological Properties 

In order to assess the wear behaviour of as-received, heat-treated and plasma carburised 

samples, reciprocating wear tests were performed on all samples against a WC/Co ball under 

a load of 30 N for 6.5 h at a frequency of 0.92 Hz in the air and at room temperature around 

20 ºC with a stroke length of 4mm. A relatively high load of 30 N was used to accelerate the 

wear process and produce measurable wear tracks for all samples, especially the surface 

modified samples in order to compete the wear tests within a reasonable time period. Post test 

SEM observations were carried on all samples and counterpart balls to reveal the related 

mechanisms and necessary EDX analysis was used to study the chemical composition at 

different locations. The friction and wear results are reported in this section.  
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4.6.1 As-received and heat-treated samples 

4.6.1.1 Coefficient of friction 

Figure 4.6.1 depicts the average coefficient of friction (CoF) of the AR and heat-treated 

samples during half an hour reciprocating wear tests. The AR sample showed the lowest 

friction coefficient of 0.217. All the heat-treated samples possessed a similar friction 

coefficient ranging from 0.364 to 0.375. The solution treated FCC sample showed marginally 

higher CoF as compared with the solution and aging treated HCP and 40HCP samples.  

 

4.6.1.2 Wear volume 

The 2D cross-section profiles of wear tracks on the AR and heat-treated samples are 

demonstrated in Figure 4.6.2, from which the wear volume was calculated. It can be seen 

from Figure 4.6.2 that the wear track formed on the ε-HCP phase predominating HCP sample 

is much broader and wider than those formed on partially or nearly full α-FCC predominating 

40HCP and FCC samples, respectively. 

 

The wear volume of the AR and heat-treated samples are depicted in Figure 4.6.3. The AR 

sample exhibited the highest wear resistance compared to the all heat-treated samples as 

evidenced by the lowest wear volume, which might be related to its low coefficient of friction. 

The α-FCC dominated FCC sample and mixture phased 40HCP sample exhibited a similar 

wear volume of about 1.000 x 10-10 m3.  
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The nearly full ε-HCP structured HCP sample experienced unexpected severe wear 

approximately 1.7 times of that of the FCC and 40HCP samples, although the HCP sample 

possessed the highest hardness (Fig. 4.4.1). Hence, detailed investigation was carried out by 

SEM and EDX to study the mechanism involved in this unexpected high wear volume for the 

HCP sample. 

 

4.6.1.3 Wear track observations 

The wear tracks formed in the AR and the heat-treated samples by reciprocating wear tests 

were examined by SEM and EDX. 

 

Figure 4.6.4a exhibits the wear track morphologies of the AR sample after reciprocating dry 

wear test. It can be seen that the wear track was unevenly covered by dark flakes or powders 

especially along the wear tracks areas. EDX on the dark area (spot 1 in Figure 4.6.4b) 

revealed a high content of oxygen as shown in Figure 4.6.4c. This indicates that oxidation 

wear may have played a part in the dry wear process. The morphology of the oxidation layer 

was wrinkle-shaped due to the repeated reciprocating rubbing against the counterpart ball.  

 

A lot of craves and tail-like fine grooves near the craves parallel to the sliding direction can 

be found as indicated by the white arrows in Figure 4.6.4b. They were mainly caused by the 

break-down and spallation of large intergraunlar carbides from the sample surface. The very 

hard and large carbide debris then served as third-body abrasive particles and resulted in the 

tail-like grooves. The dry wear mechanism of the AR sample was dominated by oxidation and 
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abrasive wear. The large intergranular carbides would confer both beneficial and deteriorating 

effect on the wear resistance. The hard carbides enhanced the wear resistance of the AR 

sample when they stayed in the sample surface. However, the carbides could also accelerate 

the wear when the hard carbides were pulled off the sample surface and acted as hard 

abrasives. 

 

Figure 4.6.5a shows the wear track morphology and wear debris of the FCC sample after 

reciprocating dry wear test. It can be seen that the wear track was covered by more black 

flakes than that of the AR sample. EDX analysis on the black area (spot 3) and other area 

(spot 4) in Figure 4.6.5b revealed also a high content of oxygen in the black area (Fig. 4.6.5d). 

Only very fine parallel grooves can be found without spallation and tale-like grooves 

compared to the AR sample, which was mainly due to the significant reduction in carbides by 

solution heat treatment. The wear debris (Figure 4.6.5c) on the counterpart ball showed a fine 

powder compact form with some irregular shaped wear particles. No sharp and hard abrasion 

particles were formed during the dry reciprocating wear tests of the FCC sample. The wear of 

the FCC sample is dominated by mild oxidation wear and polishing by the hard counterpart 

ball. 

 

The wear track morphology of the HCP sample is depicted in Figure 4.6.6 showing features 

different from the AR and FCC samples. A large amount of broad and deep groove can be 

seen in the wear track with a little coverage of flakes (as marked by the white circles) that 

were identified to be oxides by EDX. Detailed SEM observation in Figure 4.6.6b showed the 



 

93 

presence of large wear craters as marked by white arrows, which were most likely induced by 

the micro-adhesive interaction between the ball and the sample surface. The material 

transferred from the craters to the counterpart ball roughened the counterpart surface and in 

turn resulted in the deep and broad grooves. Many very fine parallel grooves and 

thin-plate-shaped wear particles also can be seen in Figure 4.6.6b as marked by the black 

circles. The size of the thin-plate-shaped wear particles is consistent with the width of very 

fine grooves. Hence, it is reasonable to assume that the fine grooves were mainly caused the 

third-body abrasive effect of such thin-plate carbides in the HCP sample. The wear debris on 

the counterpart ball after against the HCP sample consisted of a large amount of very fine 

irregular shaped wear debris as shown in Figure 4.6.6c. The wear of the HCP sample was 

dominated by server abrasion and adhesion together with mild oxidation. 

 

The wear track morphology of 40HCP is shown in Figure 4.6.7. It can be seen that the wear 

track is characterized by some black flakes and very fine grooves. However, no wear craters 

and resultant broad grooves can be seen for the 40HCP sample presumably due to the 

reduction of ε-HCP phase and thin-plate-shaped carbide phases as compared to the HCP 

sample. 

 

4.6.2 Plasma-carburised samples 

4.6.2.1 Coefficient of friction 

The plasma carburised samples exhibited a higher friction coefficient than their substrate 
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materials and 40HCP-PC showed the highest friction coefficient of 0.526 among all the 

plasma treated samples. The formation of S-phase layer on α-FCC Co-Cr substrate (i.e. FCC 

sample) by LTPC treatment resulted in a rise of coefficient of friction from 0.375 to 0.481. 

The precipitation of Co3C layer on ε-HCP Co-Cr substrate (i.e. HCP sample) by the LTPC 

treatment also caused an increase of coefficient of friction from 0.364 to 0.481. 

 

4.6.2.2 Wear volume 

The 2D cross-section profiles of the wear tracks formed on the plasma carburised samples are 

shown in Figure 4.6.9, from which the wear volume was quantified. The cross-sectional wear 

track profiles of all the carburised samples (Figure 4.6.9) revealed that the carburised layers 

were removed from the wear track as the maximum depth of wear track of each sample 

exceeded its surface layer thickness. The underneath substrate could have made some 

contribution to the wear volume measured. 

 

The wear volume of the plasma carburised samples is depicted in Figure 4.6.10. Compared to 

the as-received AR sample (0.641 x 10-10 m3), all plasma carburised sample showed a much 

lower wear volume (0.039-0.109 x 10-10 m3). This should be attributed to the significantly 

increased hardness by the low temperature plasma carburising treatment used. It can be seen 

from Figure 4.6.10 that the HCP-PC sample exhibited the lowest wear volume compared 

among all the plasma carburised samples, while the FCC-PC sample showed the highest wear 

volume of 0.109 x 10-10 m3.  
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It seems that the wear decreased with the ε-HCP percentage in the substrate. This could be 

attributed to the load bearing capacity (LBC) and contribution of their substrate to wear 

resistance. The FCC-PC sample exhibited the lowest LBC than the 40HCP-PC and HCP-PC 

under loads higher than 100g (Figure 4.4.5) because the α-FCC structured substrate is softer 

than the ε-HCP structured substrate.  

 

4.6.2.3 Wear track observation 

Figure 4.6.11 shows the wear track morphology of the FCC-PC sample, which is very smooth, 

superficial and narrow (Figure 4.6.11a). Detailed SEM observation exhibited some dark 

layers in the wear track (Figure 4.6.11b). EDX analysis showed a high fraction of oxygen in 

the dark area (spot 5), revealing very mild oxidation wear. The detailed SEM observation 

(Figure 4.6.11b) showed a very smooth surface with only fine parallel grooves caused by the 

polishing against the counterpart WC/Co ball. The counterpart WC/Co ball was also worn by 

sliding against the FCC-PC sample. This is evidenced by the bright white small round-shaped 

wear debris in the wear track as marked by white circles in Figure 4.6.11b which contained W 

as revealed by EDX analysis. This implies that the wear resistance of the FCC-PC sample 

could be comparable to that of the counterpart WC/Co ball.  

 

Figure 4.6.12 shows the wear track morphology of the HCP-PC sample. The wear track 

exhibited a higher coverage of black flakes than that of the FCC-PC samples. The black area 

(spot 7) was identified as oxide by EDX. Detailed SEM observation as marked by white 

arrows in Figure 4.6.12b showed very fine and tail-like parallel grooves starting from certain 
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points in the wear track, which was induced by the pulling-off of very thin Co3C plates and 

the resultant third-body abrasive wear. The HCP-PC sample was dominated by mild oxidation 

and abrasive wear. 

 

For the 40HCP-PC sample (Figure 4.6.13), the wear track showed combination features of 

that of the FCC-PC and the HCP-PC samples with mild oxide layers, fine grooves in the 

Co3C phased area and relatively smooth polished surface in the S-phase area. 

 

4.6.3 Comparison of wear  

The wear volume of AR, heat-treated and plasma carburised samples are plotted in Figure 

4.6.14 for comparison. It can be seen that for FCC and 40HCP materials, the wear volume 

decreased nearly by one order of magnitude by plasma carburising. For the HCP material, the 

wear volume reduced by approximately 1.65 orders of magnitude. The low temperature 

plasma carburising treatment has led to a significant improvement of wear resistance for all 

materials with different FCC/HCP ratios. This could be attributed to the formation of S-phase 

and Co3C surface layers, and thus dramatic enhancement of surface hardness by plasma 

carburising. 

 

4.7 Tribocorrosion 

As discussed in Chapter 2, the articulating surfaces (or bearing surface) of artificial joint 

prostheses work under combined attack of wear and corrosion or tribocorrosion. Hence, based 
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on the previous results, the AR, FCC, HCP, FCC-PC and HCP-PC samples were selected for 

detailed tribocorrosion tests in simulated body fluid – Ringer’s solution. Firstly, 

potentiodynamic tests were performed under two different conditions: (1) sample rotating 

without load to establish the anodic polarisation curves under corrosion only condition and (2) 

sample rotating against an alumina ball under 20 N to establish the anodic polarisation curves 

under tribocorrosion condition. “Sliding” was used in this study to represent the conditions 

when the rotating sample under load. “Rotation” was used to represent the conditions where 

the samples rotate without load as a benchmark to ‘‘sliding’’ to show corrosion effect.  

 

The change of coefficient of friction was also recorded during potentiodynamic sliding tests. 

Based on the anodic polarisation curves under tribocorrosion condition, one cathodic potential, 

OCP and three anodic potentials were selected to investigate the tribocorrosion behaviour of 

all samples under different polarisation conditions in terms of OCP, current, coefficient of 

friction, wear volume and mechanism. The outcomes of these tests are reported in this 

section. 

 

4.7.1 Potentiodynamic sliding tests without load 

4.7.1.1 Heat-treated samples 

Figure 4.7.1 showed the potentiodynamic polarisation curves of the AR and heat-treated 

samples tested under rotation only condition. It can be seen that compared to the AR sample 

(-212.50 mV (SCE)), the corrosion potential of the FCC and HCP sample shifted cathodically 
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to -250.50 and -310.19 mV (SCE), respectively. The AR sample showed large vibration in 

current density during the early stage of anodic zone as marked by black circle due to 

electrochemical noise. No such vibration in current can be found for the FCC and HCP 

samples. The FCC sample outperformed the HCP sample in terms of corrosion potential. 

 

4.7.1.2 Plasma carburised samples 

Figure 4.7.2 shows the potentiodynamic polarisation curves of the AR and the plasma 

carburised FCC-PC and HCP-PC samples tested under rotation only condition. After plasma 

carburising treatments, the FCC-PC and HCP-PC samples showed more positive corrosion 

potentials at -108.91 and -134.06 mV (SCE) respectively compared to the AR sample 

(-212.50 mV (SCE)). The FCC-PC and the HCP-PC samples exhibited very similar anodic 

polarisation behaviour. 

 

4.7.1.3 Effect of plasma carburising 

The potentiodynamic polarisation curves of samples before and after plasma carburising 

treatment are plotted in Figure 4.7.3. It can be seen that the samples after plasma carburising 

treatment showed better corrosion behaviour than the samples before plasma carburising 

treatment in terms of nobler corrosion potential and lower anodic current. Clearly, the 

corrosion properties of both the FCC and HCP samples were improved by the low 

temperature plasma carburising treatment. 
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4.7.2 Potentiodynamic sliding tests under load 

4.7.2.1 Heat-treated samples 

Figure 4.7.4 depicts the anodic polarisation curves of the AR, FCC and HCP samples under 

tribocorrosion condition (i.e. potentiodynamic sliding tests under load). These three types of 

samples showed almost the same anodic polarisation curves under sliding condition. The 

corrosion potential of these three heat-treated samples positioned approximately at -520.00 

mV (SCE). 

 

Figure 4.7.5 presents the coefficient of friction curves measured during potentiodynamic tests 

under sliding for the AR and heat-treated samples. They showed similar coefficient of friction 

ranging from 0.30 to 0.40. This may related to the lubrication capability of corrosion 

products. 

 

4.7.2.2 Plasma carburised samples 

Figure 4.7.6 illustrated the anodic polarisation curves of the AR and plasma carburised 

samples under tribocorrosion condition. It can be observed that after plasma carburising, the 

corrosion potentials of the FCC-PC and HCP-PC samples shifted anodically to -433.71 and 

-385.62 mV(SCE) respectively compared to the AR sample. The plasma carburised samples 

also showed a reduction in current density by near half an order of magnitude compared to the 

AR sample. 
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Figure 4.7.7 presents the coefficient of friction curves measured during potentiodynamic tests 

under sliding (tribocorrosion) for the AR and plasma carburised samples. The FCC-PC 

sample exhibited the highest coefficient of friction (ranging from 0.39 to 0.46) during the 

potentiodynamic polarisation test. The coefficient of friction of the plasma carburised 

HCP-PC sample ranged from 0.28 to 0.43.  

 

4.7.2.3 Effect of plasma carburising 

The anodic polarisation curves were plotted in Figure 4.7.8 for comparing the tribocorrosion 

behaviour of samples before and after plasma carburising treatment. The plasma carburised 

samples showed more positive corrosion potentials and lower anodic current than the 

heat-treated samples. Obviously, the tribocorrosion properties of the heat treated FCC and 

HCP Co-Cr samples were effectively improved by the low temperature plasma carburising 

treatment in terms of increased and corrosion potential and reduced anodic current. 

 

Figure 4.7.9 presents the coefficient of friction curves measured during potentiodynamic tests 

under sliding (tribocorrosion) for samples before and after plasma carburising treatment. It 

can be seen that the FCC-PC sample showed higher coefficient of friction than the FCC 

sample. When the testing time was less than 1600 s, the HCP samples possessed higher 

coefficient of friction. When the testing time exceeded 1600 s, the coefficient of friction of 

the HCP-PC sample dramatically increased and was higher than that of the HCP sample. 
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4.7.2.4 Comparison between corrosion and tribocorrosion conditions 

Figure 4.7.10 showed the samples under rotating without load (corrosion) and rotating under 

load (tribocorrosion) conditions. Under sliding (tribocorrosion) condition, all samples 

exhibited different potentiodynamic behaviour in terms of corrosion potential and anodic 

current compared to those found rotation without load (corrosion). It was observed that the 

corrosion potential cathodically shifted for all samples due to sliding motion. An increase of 

nearly two orders of magnitude in anodic current is observed for all samples due to sliding. 

Such a negative shift of the corrosion potential and an increase of anodic current are mainly 

attributed to the removal or damage of passive films by sliding motion and activation of 

materials inside the wear track in a passive system.  

 

4.7.3 Effect of potential on electrochemical behaviour during potentiostatic 

sliding wear test 

After potentiodynamic sliding wear tests, one cathodic potential (-800 mV (SCE)), open 

circuit potential and three anodic potentials (-250, 0 and 400  mV (SCE)) were selected to be 

applied on samples during potentiostatic sliding wear test. 

4.7.3.1 Heat-treated samples  

During the sliding in the cathodic region (-800 mV (SCE)), the currents of the AR and 

heat-treated samples are negative, revealing that no electrochemical corrosion occurred at a 

cathodic potential of -800 mV (SCE) and the material loss is totally attributed to mechanical 

wear, which is important for separating mechanical wear from chemical wear. 
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Under open circuit condition, OCP were continuously recorded by the potentiostat and the 

results of the AR and heat-treated samples were plotted in Figure 4.7.11. It can be seen that 

before loading, the open circuit potentials for the AR sample increased up to -152 mV due to 

the formation of a passive film on the surface exposed to electrolyte. At the commencement 

of loading, open circuit potentials for the AR sample decreased sharply to a more negative 

potential. This is mainly due to initial oxide layer break down by sliding motion, leading to 

the exposure of fresh material or activation of materials inside wear track.  

 

The heat-treated samples responded the same to loading. During the one-hour sliding (sample 

rotating under load) period, the OCP of the AR sample kept constantly around -510 mV 

(SCE). The FCC sample exhibited similar OCP as the AR sample, but slightly larger vibration 

than the AR sample. However, the HCP sample showed increasing OCP with sliding time and 

25 mV more positive OCP than the AR and FCC samples.  

 

The OCP value should depend on the ratio of active-to-passive area. The longer sliding goes, 

the more area is active, the more negative OCP is. However, for the AR and heat-treated 

samples, no significant drop of open circuit potential can be observed with increasing sliding 

time and the expansion of wear track area, indicating a stable ratio of active-to-passive area 

for these three types of samples and a good repassibility of materials inside the wear track 

during each sliding cycle. After sliding, the OCP of the AR and heat-treated increased 

dramatically to a lower potential than those before sliding. 
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The current of the AR and heat-treated samples during potentiostatic sliding tests are plotted 

in Figure 4.7.12. Four main observations can be made from Figure 4.7.12. Firstly, at all 

anodic potentials (-250, 0 and 400 mV (SCE)), the current of the AR and heat-treated samples 

increased greatly in the presence of sliding revealing the effect of wear on corrosion 

behaviour and corrosion accelerated by wear.  

 

Secondly, the effect of heat treatment on the corrosion current is potential dependent. At -250 

mV (SCE), the FCC sample showed higher current than the AR sample and the HCP sample 

showed similar current but larger fluctuation than the AR sample during sliding. At 0 mV 

(SCE), the trend changed to opposite. At 400 mV (SCE), both the FCC and HCP samples 

exhibited higher current but smaller fluctuations than the AR sample.  

 

Thirdly, the average currents during sliding period increased as a function of applied potential 

for all sample as shown in Table 4.7.1. The last observation is the dramatic fluctuations of 

current of the AR and heat-treated samples, which are related to the breakdown and 

repassivation of passive film after a certain number of cycles of sliding.  

4.7.3.2 Plasma carburised samples 

It can be seen from Table 4.7.1 that the average currents of all plasma carburised samples are 

negative at cathodic potential (-800 mV (SCE)), indicating no occurrence of electrochemical 

corrosion. 
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The OCP curves of the AR and plasma carburised samples are shown in Figure 4.7.13. Under 

open circuit condition, the plasma carburised samples possessed constantly higher OCP than 

the AR samples. This indicated that the low temperature plasma carburising treatment 

improved the corrosion behaviour of Co-Cr alloy in terms of nobler OCP. The OCP of the 

HCP-PC sample is higher than that of the FCC-PC sample. No significant drop of OCP with 

sliding time can be observed for the AR and HCP-PC sample, revealing good repassibility of 

materials inside the wear track during each sliding cycle. For the FCC-PC sample, the OCP 

slight decreased with sliding time and enlargement of wear track.  

 

As shown in Figure 4.7.14, at anodic potentials, the current of all the plasma carburised 

samples also increased greatly in the presence of sliding. At all anodic potentials, the currents 

of the plasma carburised samples are constantly lower and more stable than that of the AR 

sample during sliding period. In the group of the plasma carburised samples, the current of the 

FCC-PC sample is higher at -250 mV (SCE) and lower at 400 mV (SCE) compared to that of 

the HCP-PC sample over the sliding duration, and both the FCC-PC and HCP-PC samples 

showed similar current at 0mV (SCE) as shown in Figure 4.7.14. This indicates that S-phase 

formed on FCC-PC sample exhibits worse corrosion resistance at -250 mV (SCE), 

comparable corrosion resistance at 0 mV (SCE) and better corrosion resistance at 400 mV 

(SCE) than Co3C surface layer formed on the HCP-PC sample. The average currents during 

sliding period increased with applied potential for the plasma carburised samples as listed in 

Table 4.7.1. 
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4.7.3.3 Comparison between heat-treated and plasma carburised samples 

The OCP of samples before and after plasma carburising treatments during sliding tests are 

compared in Figure 4.7.15. It can be seen that the FCC-PC sample exhibited constantly 65 

mV more positive OCP than the FCC sample, and the HCP-PC sample showed nearly 100 

mV more positive OCP than uncarburised HCP sample. Clearly, the tribocorrosion behaviour 

of Co-Cr alloy was improved in terms of more positive OCP. 

 

The corrosion current of the samples before and after plasma carburising treatments is shown 

in Figures 4.7.16 and 17. The current of carburised FCC-PC and HCP-PC samples is more 

stable and lower over the whole sliding period at anodic potentials compared to uncarburised 

FCC and HCP samples. This indicates that the tribocorrosion behaviour of Co–Cr samples 

with either nearly full FCC structure or HCP structure has been improved in terms of lower 

anodic current by the low temperature plasma carburising treatment under sliding 

(tribocorrosion) condition. This could be attributed partially to the improved corrosion 

resistance as evidenced in Figure 4.7.3 and partially to the strong mechanical support to 

surface oxide film from underneath hard S-phase layer for the FCC-PC sample and Co3C 

layer for the HCP-PC sample.  

4.7.4 Effect of potential on wear performance during potentiostatic sliding 

wear test 

The typical cross-section profiles of wear tracks of all samples produced at -800, OCP, -250, 

0 and 400mV (SCE) are shown in Figures 4.7.18-4.7.20, from which the total wear volume 

(VT) was calculated. The total wear volume resulting from both corrosion and wear is plotted 
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in Figure 4.7.21 and listed in Table 4.7.1. The average current and the average coefficient of 

friction (COF) obtained in sliding wear tests under different potentials are also summarised in 

Table 4.7.1. The contribution of corrosion and wear to total volume will be discussed in the 

next chapter. 

 

4.7.4.1 Heat-treated samples 

It can be seen from Figure 4.7.21 that the material loss of the AR and heat-treated sample 

increased with increasing applied potential. Compared to the AR sample, the FCC sample 

showed slightly higher or equal material loss at potentials lower than 0 mV (SCE), but lower 

material loss when potential reached 0 mV (SCE). On the contrary, the HCP sample exhibited 

lower material loss when potential was lower than 0 mV (SCE), but greater material loss at 0 

and 400 mV (SCE). This will be discussion in the next chapter from the mechanical wear and 

chemical wear points of view. 

 

Figure 4.7.22 depicts the coefficient of friction of the AR and heat-treated samples as a 

function of applied potential. No significant effects of applied potentials on coefficient of 

friction are observed for these three samples. The AR and heat-treated samples all 

experienced the highest coefficient of friction under open circuit condition. This may be 

related to the lubrication ability of corrosion products forming on the surface. 

 

In order to study the mechanisms involved, the morphology of wear tracks formed in all 

samples during sliding at cathodic, OC and anodic potentials was examined by SEM. The 
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counterpart balls were also observed using optical microscopy. The typical SEM and optical 

micrographs are shown in Figures 4.7.23, 24 and 25 for the AR, FCC and HCP samples, 

respectively. 

 

For the AR sample, the observations have revealed that the wear track morphology produced 

at cathodic potential (-800 mV (SCE)) and at OCP is similar. As shown in Figure 4.7.23a, 

uneven deep and broad abrasion grooves are found in wear tracks produced at OCP, which is 

in agreement with the very rough cross-section profiles of the wear track as shown in Figure 

4.7.18a. This is mainly because no oxide film or film without enough thickness was formed 

on the contact area between the alumina ball and the AR sample surface. At cathodic potential 

no oxide film would form due to the negative current; at OCP where the total current from the 

total sample surface is zero, the current from the rest of surface not subjected to sliding is 

negative, thus current derived from wear track is positive and a new passive film begins to 

form in the wear track. Without thick enough protective surface oxide film, direct 

metal-to-alumina contact and adhesive wear may have occurred since it is known that α-FCC 

Co is the dominating phase of the AR sample and FCC structured Co-Cr material is prone to 

adhere to alumina sliders. The transferred materials on the balls as shown in Figure 4.7.23c 

were work-hardened by the repeat sliding motion, which caused the deep and rough grooves 

observed in Figure 4.7.23a and 4.7.18a and severe material loss.  

 

Parallel fine grooves can be found in wear tracks produced at anodic potentials and the typical 

morphology of wear track can be seen from Figure 4.7.23b that they are much smoother than 
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those produced at cathodic and OC potentials. This is mainly because at anodic potentials, 

oxide films are thick enough to work as protective films at the real contact area to prevent the 

direct contact between Co-Cr and alumina, thus resulting in much reduced adhesion and 

material transfer. This is supported by the fact that less Co-Cr material was transferred onto 

the alumina counterpart ball when sliding at anodic potentials (Figure 4.7.23d) than sliding at 

cathodic or OCP (Figure 4.7.23c). 

 

The FCC samples exhibited similar wear track and counterpart ball morphology as the AR 

samples at all potentials. The typical wear track and ball morphologies at OCP and 0 mV 

(SCE) are shown in Figure 4.7.24. It indicated that the FCC samples suffered from the same 

wear mechanisms as the AR samples because the dominating phase of the FCC sample is also 

α-FCC Co phase.  

 

For HCP samples, deep abrasion grooves are also found in wear tracks produced at cathodic 

potential and OCP as shown in Figure 4.7.25a, which is in line with the rough profiles of the 

wear tracks in Figure 4.7.20a. The typical observations on counterpart balls tested at cathodic 

potential and OCP in Figure 4.7.25c suggested that adhesive wear occurred when no stable 

and thick oxide films formed, although ε-HCP Co and carbide phase are harder than α-FCC 

Co phase. The transferred hard ε-HCP Co material on the balls resulted in the deep and rough 

grooves found in Figure 4.7.20a and 4.7.25a. At anodic potentials, the oxide films acted as 

protective films between the sample surface (ε-HCP Co and carbide phase) and alumina balls, 

resulting in much smoother wear track as shown in Figure 4.7.20b and 4.7.25b. 
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4.7.4.2 Plasma carburised samples 

It can be seen from Figure 4.7.21 that the material loss of plasma carburised samples also 

increased as a function of applied potential. Compared to the AR samples, the carburised 

FCC-PC and HCP-PC samples experienced much lower material loss at all potentials except 

at OCP which is much more positive than that of the AR sample.  

 

In the group of plasma carburised samples, the HCP-PC samples outperformed the FCC-PC 

samples and showed much lower total wear volume at all potentials except 400 mV (SCE). 

This will be discussed in the discussion chapter based on the anodic current, the contribution 

of chemical wear to total wear volume and the lubrication ability of corrosion products. 

 

The coefficient of friction of the AR and plasma carburised samples is plotted in Figure 

4.7.26. No special trends can be observed for the plasma carburised samples. The coefficient 

of friction of the FCC-PC samples changed from 0.33 to 0.39. The coefficient of friction of 

the HCP-PC samples varied from 0.25 to 0.37 and the HCP-PC sample had a relative low 

coefficient of friction at -250mV (SCE) and 0mV (SCE). Compared to the AR sample, the 

FCC-PC sample possessed a similar or higher coefficient of friction at all potentials. However, 

the HCP-PC sample showed a lower coefficient of friction than the AR sample at all 

potentials except 400 mV (SCE). It is also interesting to find that the HCP-PC sample had a 

lower coefficient of friction than the AR and FCC-PC samples at -250 mV (SCE) and 0 mV 

(SCE). The small total wear volume of HCP-PC sample at -250 mV (SCE) and 0 mV (SCE) 
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as shown in Figure 4.7.21 may be related to the low coefficient of friction. 

 

The SEM images of typical wear track morphologies and optical micrographs of typical ball 

morphologies of the plasma carburised samples are shown in the Figures 4.7.27-28.  

 

For the FCC-PC samples, the wear tracks produced at cathodic and open circuit potentials are 

also very rough with deep marks (Figure 4.7.19a and Figure 4.7.27a). This is in line with the 

observed transferred Co-Cr on the alumina ball shown in Figure 4.7.27c. This implies that 

although the FCC structured Co-Cr materials can be effectively hardened by carburising, 

adhesive wear still occurred when sliding at cathodic potential and OCP without the 

formation of thick and stable oxide films.  

 

On the other hand, after sliding against an alumina ball at anodic potentials the wear surface is 

relatively smooth with some fine abrasion marks (Figure 4.7.27b). This is supported by the 

fact that the very limited transferred Co-Cr could be found on the alumina ball slider (Figure 

4.7.27d) after sliding against FCC-PC surfaces at anodic potentials. This demonstrates that 

when sliding at anodic potentials, relatively thick and stable surface oxide films can be 

formed due to passivation. When supported by the underneath strong S-phase layer, this oxide 

film could withstand the mechanical loading and tribological action; in addition, potential 

damage of surface oxide films could be healed by repassivation at anodic potentials. 

 

For the HCP-PC sample, the wear tracks tested at cathodic potential, OCP and -250mV (SCE) 
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are very similar. Figure 4.7.28 shows the typical morphology of wear tracks produced at these 

three potentials with uneven, deep and broad resulting from the material transferred onto the 

balls as evidenced from the observations of counterpart balls in Figure 4.7.28c. The wear 

tracks produced at 0 mV (SCE) and 400 mV (SCE) are smoother compared to those produced 

at lower potentials mainly due to the formation of oxide passive films. 

 

4.7.4.3 Comparison between heat-treated and plasma carburised samples 

It can be seen from Figure 4.7.21 that at cathodic potential, the total wear volume was 

reduced by 64% due to the formation of S-phase on FCC structured Co-Cr substrate and 57% 

due to the formation of Co3C on HCP structured Co-Cr substrate. At -250mV (SCE), 0mV 

(SCE) and 400mV (SCE), the total volume was reduced by 62%, 59% and 58% respectively 

for FCC structure Co-Cr substrate. For HCP structure Co-Cr substrate, the total volume was 

reduced by 88%, 72% and 62% respectively at -250mV (SCE), 0mV (SCE) and 400mV 

(SCE). The total wear volume of Co-Cr samples was reduced by low temperature plasma 

carburising treatments at all potentials except OCP. 

 

Figure 4.7.29 depicts the coefficient of friction of samples before and after plasma carburising 

treatment as a function of applied potential. It can be seen that the FCC-PC sample showed a 

relative high coefficient of friction at the anodic potentials compared to the uncarburised FCC 

sample, while the HCP-PC sample revealed a relative low coefficient of friction at -250mV 

(SCE) and 0mV (SCE) and a high coefficient of friction at 400mV (SCE) compared to the 

uncarburised HCP sample. This may be related to the lubrication ability of corrosion products 
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forming on the surface.  
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CHAPTER 5 DISCUSSION 

5.1 Introduction 

As reviewed in Chapter 2 (Section 2.6.3), Habibi has explored low temperature plasma 

carburising (LTPC) of medical grade Co-Cr alloy dominated by α-FCC and reported some 

preliminary mechanical, wear and corrosion properties of the treated material. His work also 

revealed that S-phase could not be successfully produced in ε-HCP phase dominated Co-Cr 

alloys but the mechanism was not clear.  

 

As has been discussed in Section 2.2.1 that the transformation from high-temperature α-FCC 

phase to low-temperature ε-HCP phase is so sluggish that all commercially available 

medical-grade Co-Cr alloys contain, more or less residual α-FCC phase depending on their 

thermo-mechanical processing history. Some initial application of the LTPC to medical grade 

Co-Cr alloys has also revealed varying degrees of success to form desirable S-phase layers on 

the LTPC treated materials. Therefore, it is hypothesized based on the above observations that 

the response of medical grade Co-Cr alloys could be related to their phase constituents in 

terms of the ratio of α-FCC to ε-HCP phases. However, no other work has been conducted to 

investigate the response of Co-Cr alloys with different amounts of ε-HCP phase (which 

always presents in all biomedical grade Co-Cr alloys to LTPC) and the mechanisms involved, 

which formed the theme of this study.  

 

In addition, no investigation has been carried out to systematically study the tribocorrosion 
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behaviour of both originally FCC and HCP structured Co-Cr alloys after plasma carburising, 

which is the most important properties determining the life-span of metallic hip joint 

prosthesis under biophysical in-vivo conditions. In the present thesis, optimized plasma 

carburising treatment has been applied on a medical grade Co-Cr alloy with different 

FCC/HCP ratios produced by designing a series of heat treatments and their tribocorrosion 

behavior has been investigated.  

 

As demonstrated in the last chapter, the low-temperature plasma carburising has facilitated 

the formation of tribologically useful surface S-phase and Co3C layers on the Co-28Cr-6Mo 

alloy with varying amount of ε-HCP phase. The S-phase layer formed on the α-FCC 

structured substrate and the Co3C layer formed on the ε-HCP structured substrate have 

increased hardness, wear, corrosion and tribocorrosion properties as compared to the 

respective uncarburised substrate.  

 

Most of the results have been interpreted and discussed in the last chapter and in this chapter, 

advance scientific understanding of some selected scientifically interesting phenomenon 

and/or technologically important results are discussed in detail.  To this end, Chapter 5 

begins with the phase transformation during the LTPC treatment of Co-28Cr-6Mo alloy, 

followed by the dry tribological behaviour of the treated samples and ends with their 

tribocorrosion properties.  
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5.2 Phase transformation during LTPC treatment 

It has been found in the study that during low temperature plasma carburising treatment of the 

Co-28Cr-6Mo alloy S-phase can be formed only on the original α-FCC phase whilst a Co3C 

layer forms on the ε-HCP phase. This is, to some extent, similar to the phenomenon observed 

in low-temperature plasma nitrided duplex stainless steel [147]. This is mainly related to the 

diffusion coefficient of alloying elements, the amount of Cr, solid solubility of C in Cobalt, 

thermodynamic and kinetic factors and the crystal structure of substrate and surface layer. The 

role of all these factors will be discussed in this section in particular the formation of Co3C 

layer during the LTPC of ε-HCP dominated Co-28Cr-6Mo alloy samples.  

 

5.2.1 FCC Structured Co-Cr Substrate 

The experimental results reported in Chapter 4 have clearly shown that a carbon 

supersaturated metastable S-phase layer can be formed on the FCC structured Co-Cr alloy 

during the low temperature plasma carburising treatment, which is supported by the work by 

Li, Chen and Luo [100, 101]  

 

The phase transformation from the FCC structured Co-Cr alloy to the carbon supersaturated 

S-phase during low temperature plasma carburising can be explained by the theory of 

paraequilibrium diffusion reactions. The term paraequlibrium generally stands for a 

metastable equilibrium occurring under conditions where the interstitial solutes are effectively 

mobile to redistribute while the substitutional solutes are less mobile to be stay in place [146]. 
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In this study, the diffusion coefficient of Cr is 9.5 x 10-22 m2/s (1273-1643K) while the 

diffusion coefficient of C is 2.25 x 10-14 m2/s (723-1073K) [101]. The dramatic difference in 

diffusion coefficient between substitutional Cr and interstitial C solutes enables the interstitial 

C atoms to diffuse over a relatively large distance in the FCC structured Co-Cr alloy whereas 

the substitutional Cr atoms cannot at a relatively low temperature of 450°C for a short 

treatment time of 10 h (see Section 3.2.2). Hence, from the thermodynamic point of view, C 

can establish an equilibrium state while Cr cannot, thus a metastable equilibrium being 

established.  

 

As discussed in Chapter 2, the solid solubility of carbon in FCC structured Co-Cr alloy is only 

<1 wt%; however, the highest carbon content in the S-phase surface layer is ~15 wt% (Figure 

4.3.4). This can be attributed to the high affinity of Cr to C. Although during low temperature 

plasma carburising at 450 °C, Cr atom cannot diffuse a long enough distance necessary for 

the formation of carbides, C atoms can be attracted by the substitional Cr atoms to the 

interstitial positions near the substitional Cr atoms. The formation of this atom pairs or 

clusters can be described by the term ‘diplon’ [148] , which facilitates the establishment of a 

high content of carbon in the S-phase surface layer.  

 

5.2.2 HCP structured Co-Cr substrate 

The experimental results have shown that a Co3C dispersed layer formed on the surface of 

ε-HCP structured Co-Cr alloy during the low temperature plasma carburising treatment. The 

orientation of surface Co3C plates depends on the grain orientation of the substrate ε-HCP 
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grains as shown in Figure 4.3.9 mainly due to the preferred orientation relationship between 

them (see Section 4.3). The detailed TEM observation has further revealed that the dispersed 

Co3C is thin needle shaped with a thickness of only about 50 nm (Fig. 4.3.16a).   

 

Clearly, the microstructure of the surface layer formed on the ε-HCP structured Co-Cr alloy 

differs greatly from the S-phase formed on the α-FCC structured Co-Cr alloy. An important 

difference between the diffusion of C into FCC Co and HCP Co is that the solubility of C in 

FCC Co is less than 1 wt% while the solubility of C in HCP Co is much smaller (nearly zero) 

according to the phase diagram (Figure 5.2.1) [149]. 

 

Thus the introduced C atoms in HCP structured Co-Cr alloy by low-temperature plasma 

carburising cannot form solid solution but mainly form carbides. In ASTM F1537 

Co-28Cr-6Mo alloy, the Cr, Mo and Co elements are all carbide formers. The Cr-C, Mo-C 

and Co-C binary phase diagrams are characterised by many types of carbides; however, only 

Co3C has been identified by TEM (Figure 4.3.16) to be the dominant phase within the plasma 

carburised surface of originally ε-HCP structured Co-Cr alloy.  

 

It is known that Co3C is a high-pressure phase and hence it is metastable carbide. Therefore, 

the formation of Co3C during low-temperature plasma carburising will be discussed in terms 

of interface chemical reaction and diffusion (which is common in some solid-state diffusion 

cases [150]) and special microstructure in conjunction with plasma-assisted reaction.  
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According to the interface chemical reaction and diffusion theory [148], for the formation of 

Co3C, the diffusion specie C would react chemically with the ε-HCP structured Co phase to 

form a new kind of carbide first, and then a chemical reaction would take place mainly at the 

interface between the newly formed carbide and the HCP structured Co substrate. The 

chemical reaction is carried on by the diffusion of C through the new carbide. The 

first-forming carbide can be predicted by selecting the phase with the highest positive free 

energy change (driving force) of formation of individual carbide [145, 151].  

 

The thermodynamics data for possible carbide (Cr23C6, Cr7C3, Cr3C2, Mo2C and Co2C) 

formations is well reviewed in literature (Figure 5.2.2) [152] except the data for Co3C 

formation. Due to the lack of reliable thermodynamics data for the formation of this 

metastable Co3C phase, the free energy change for the formation of Co3C has been estimated 

by comparing the formation of Co2C and Co3C according to work done by Iskhakov [153].  

 

For chromium carbides, several possible reactions may take place to form carbides during the 

low temperature plasma carburising treatments of HCP structured Co-Cr alloy: 

23Cr(s) + 6C(s) = Cr23C6(s)                                      Equation 5.2.1 

7Cr(s) + 3C(s) = Cr7C3(s)                           Equation 5.2.2 

3Cr(s) + 2C(s) = Cr3C2(s)                            Equation 5.2.3 

 

The free energy change of forming the above carbides can be calculated from the following 

equations: 
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ΔGCr23C6 (J mol-1) = -53666.7 – 12.77T (K)              Equation 5.2.4 

ΔGCr7C3 (J mol-1) = -51803.3 – 11.9T (K)               Equation 5.2.5 

ΔGCr3C2 (J mol-1) = -46430 – 9.7T (K)                  Equation 5.2.6 

 

For Molybdenum carbides, possible reaction is as follows: 

               2Mo(s) + C(s) =Mo2C(s)                            Equation 5.2.7 

 

The equation for calculating the free energy change of forming Mo2C is shown below: 

              ΔGMo2C (J mol-1) = -47900 – 8.8T (K)                   Equation 5.2.8 

 

For cobalt carbides, two possible reactions may occur in the plasma carburising treatments: 

              2Co(s) + C(s) = Co2C(s)                              Equation 5.2.9 

              3Co(s) + C(s) = Co3C(s)                             Equation 5.2.10 

 

The corresponding equation for calculating free energy change for the formation of Co2C is as 

follows: 

              ΔGCo2C (J mol-1) = 16527 – 8.7T (K)                   Equation 5.2.11 

 

The free energy change (J mol-1) for all possible carbide formations at 450 °C (723 K) is 

listed in the following table based on the above equations (4.5.4, 4.5.5, 4.5.6, 4.5.8, 4.5.11).  

 ΔGCr23C6 -62899.4 J mol-1 
ΔGCr7C3 -60407.0 J mol-1 
ΔGCr3C2 -53443.1 J mol-1 
ΔGMo2C -54262.4 J mol-1 
ΔGCo2C 10236.9 J mol-1 



 

120 

Clearly, the Reaction 4.5.9 exhibited the positive free energy change (driving force) for 

carbide formation. Thus, Co2C would be the most likely first-forming phase at interface 

compared to Cr23C6, Cr7C3, Cr3C2 and Mo2C.  

 

The free energy change for forming Co2C and Co3C can be estimated based on a metastable 

Co-C phase diagram on the (G, X) coordinates in Figure 5.2.3 [153]. The blue line AB means 

the free energy change for Co3C formation, while the red line CD means the free energy 

change for Co2C formation. The AB line is longer than CD line, which reveals that the free 

energy change for Co3C formation would be higher than that for Co2C formation. This is 

supported by the free energy change data for the formation of Co2C and Co3C at 298K: 13933 

Jmol-1 for Co2C and 37656 Jmol-1 for Co3C [154]. Clearly, among all these potential carbides, 

Co3C has the highest positive free energy change and thus the Co3C phase is the first-forming 

carbide during interface chemical reaction. 

 

As reported by Iskhakov et al.,[153] nanostructured metastable phase Co3C can be formed by 

pulsed plasma vaporisation mainly due to the plasma-assisted deposition and the 

nanostructure. Similarly, the DC plasma used in this study can activate and provide high 

enough energy for carbon diffuse and react with Co to form Co3C carbide.  In addition, the 

formation of Co3C carbides would be also facilitated by its extremely thin needle-like 

structure (Fig. 4.3.16a). Hence, the specific area (S) of the Co3C is very large. According to 

the discussion in [153], the surface energy density (γ) of Co3C in the plasma treated layer 

obtained by the LTPC would be so high that the contribution of the surface energy S x γ to the 
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thermodynamic Gibbs potential ΔG was comparable to the formation enthalpy of the 

metastable carbide ΔG ∼ S γ ≥ ΔHcarbide
→
Co(C) . 

 

Another factor should be pointed out here is the preferred orientation relationship between the 

ε-HCP Co phase and the Co3C phase. As found in previous microstructure characterisation 

result part, the ε-HCP and Co3C phases maintained a preferred orientation relationship of 

[0110]HCP // [210]Co3C, (0002) HCP // (122) Co3C which would facilitate the nucleation of Co3C. 

 

5.3 Hardening by LTPC Treatment 

As have reported in Section 4.4 of Chapter 4, the surface hardness of both FCC and HCP 

structured Co-28Cr-6Mo alloy can be significantly improved by the low temperature plasma 

carburising treatment used in the research. However, the hardening mechanisms involved 

would be different in view of the nature of the surface layers formed during the low 

temperature plasma carburising treatment. 

 

5.3.1 Surface hardening of FCC-PC samples 

It is known from Section 4.3 that after the low-temperature plasma carburising, a carbon 

supersaturated S-phase layer without any precipitates was formed the originally α-FCC 

dominated FCC-PC. The surface hardness significantly increased from 486 to 1270 HV0.025 

(Fig. 4.4.2). Therefore, the surface hardening of the FCC-PC sample after the 

low-temperature plasma carburising should be attributed to the formation of the carbon 
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supersaturated S-phase solid solution.  

 

The hardening response of the FCC structured Co-28Cr-6Mo alloy (i.e. the sample FCC) to 

low temperature plasma carburising is similar to that of austenitic stainless steel to plasma 

carburising. This hardening effect can be attributed to the solid solution hardening effect by 

the extremely large amount of carbon or supersaturation of carbon (up to 15 wt%) in the FCC 

cobalt lattice (Figure 4.3.4).  

 

Solid solution strengthing is an effective way to improve the strength of all metals by 

introducing either substitutional or interstitial elements into the crystal lattice and forming 

substitutional or interstitial solid solution. The introduced atoms induce the stress fields near 

substitutional or interstitial atom sites, which interact with those of the dislocations, reduce 

the mobility of dislocations and thus enhance the strength of metals. For the hardening of the 

FCC-PC sample, the previous XRD results for plasma carburised FCC structured Co-Cr alloy 

showed both a downshift in diffraction angle and broadening for the (111) and (200) peaks, 

which revealed an expansion of the crystal lattice and compressive residual stress. The 

supersaturated carbon induced lattice defects result in extensive interaction with both edge 

and screw dislocations and strengthening of surface layer [146]. 

 

5.3.2 Surface hardening of HCP-PC samples 

As reported in Section 4.3.2, following the low-temperature plasma carburising treatment, a 

very thin surface layer was formed on the originally ε-HCP grains (Figs. 4.3.9 and 4.3.16). 
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The surface layer consists of very fine Co3C needles precipitated in the HCP grains with a 

preferred orientation relationship. As shown in Figure 4.4.2, the surface hardness significantly 

increased from 604 to 1156 HV0.025.   

 

Therefore, it is reasonable to deduct that for the HCP structured Co-28Cr-6Mo alloy, the 

surface is hardened by the precipitation of Co3C layer in the HCP grains i.e. precipitation 

hardening. This is because the precipitation of very thin plate shaped Co3C in the HCP matrix 

will cause strong lattice distortion and stress field in view of their coherent interface between 

the Co3C and the HCP matrix. In addition, Co3C itself is hard and difficult to be cut through 

by dislocation. Therefore, homogeneous distribution of very thin plate shaped Co3C in the 

surface layer will effectively retard or stop the movement of dislocations, thus forming strong 

precipitation hardening.  

 

5.4 Tribological properties 

5.4.1 Coefficient of friction   

Friction is the resistance of the relative motion of two contact solid bodies, which leads to the 

deformation, wear and eventual change of the contact surfaces with energy dissipation.  

 

It can be found from Figure 4.6.1 that the friction coefficient of the as-received AR sample 

(0.217) is lower than that (0.364-0.375) for all three heat-treated samples (FCC, 40HCP and 

HCP). This cannot simply explained by the hardness difference between these samples since 
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the hardness of the AR sample is higher than the FCC but lower than both the HCP and 

40HCP samples.  

 

It can be seen from the wear surfaces of these tests samples that the wear track formed on the 

AR sample is smother and shallower than that formed in the three heat treated samples 

(Fig.4.6.2). In addition, the wear track formed in the AR sample is covered a black layer of 

oxides (Fig. 4.6.4). It is known that the friction of a surface mainly depends on its surface 

roughness, chemical nature and the counterface. In this study, the counterface used is the 

same for all the tests. Therefore, the low coefficient of friction of the AR sample could be 

partially attributed to the smooth wear surface and the ceramic nature of the black oxide 

tribofilms formed during the dry sliding tests.    

 

For the plasma treated samples, it is clear by comparing Figure 4.6.9 with Figure 4.6.2 that 

the wear tracks produced on the plasma treated samples are at least as smooth as or even 

smoother than that formed on the heat treated samples. Hence, the significantly increased 

coefficient of the heat-treated samples after the low-temperature plasma carburising (Figure 

4.6.8) cannot be attributed to the difference in wear surface roughness.  

 

The high CoF for the FCC-PC sample could be attributed to the fact that the supersaturation 

of carbon in S-phase solid solution can reduce the oxidation processes during dry wear tests 

as comparing the wear track images of the FCC and FCC-PC samples in Figure 4.6.5a and 

4.6.11a, respectively.  For the HCP and HCP-PC samples, the former produced much more 
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wear than the latter (Fig.4.6.14). The large amount of round wear debris could act as small 

rollers between the articulating surfaces. Hence, low friction is expected due to the change 

from sliding to localised rolling. However, the HCP-PC produced much less wear debris for 

localised rolling. 

  

5.4.2 Wear mechanism   

As summarised in Figure 4.6.14, the optimal low-temperature plasma carburising treatment 

can dramatically increase the wear resistance of Co-28Cr-6Mo alloy with different 

microstructures and phases.   

 

As shown in Figures 4.6.5 to 4.6.7, although black oxide wear debris was observed in the 

wear tracks of the heat treated FCC, HCP and 40HCP samples, abrasive wear occurred to 

these samples as evidenced by the parallel abrasion grooves. As discussed in Section 2.4, the 

abrasive wear (V) of a surface mainly depends on its hardness (H): 

 

V = K !!
!
d 

 

Therefore, the significantly improved wear resistance of the plasma carburised samples 

should be attributed to the greatly increased surface hardness. When the surface hardness is 

increased, the penetration depth of the asperities from the counterface will be reduced and 

hence the abrasive wear is reduced. This is evidenced by the very fine groves and the mild 

abrasion wear found in the wear surface of the plasma hardened samples (Figures 

Equation 2.4.1 
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4.6.11a-4.6.13a).   

 

In addition, the significantly hardened surface can effectively support the oxide film formed 

during dry sliding wear. This is supported by the black wear debris observed on the wear 

surface of the plasma hardened samples (Figs 4.6.11b-4.6.13b). Therefore, the wear 

mechanism changed from severe abrasive and adhesive wear for the heat treated sample to 

mild oxidation and micro-abrasion wear.   

 

It is noted that both the microhrdness and the ratio of H/Er of the S-phase layer formed on the 

FCC-PC sample are higher than that of the Co3C precipitated layer formed on the HCP-PC 

sample. Therefore, better wear resistance would be expected for the former than for the latter. 

However, the wear volume of the HCP-PC samples is only 40% of that of the FCC-PC 

sample (Fig. 4.6.14).  

 

This seemingly abnormal result could be explained by taking account of the substrate 

hardness and the load bearing capacity of these two samples. It is known from Figure 4.6.9 

that after the 30 N reciprocating wear tests, the plasma modified surface layer formed on both 

the FCC-PC and HCP-PC samples were worn though to their substrate. In this case, the 

contribution of their substrate should be taken into account.  

 

It is worthwhile mentioning that although the surface hardness of S-phase layer formed on the 

FCC-PC sample is higher than that of Co3C precipitated layer formed on the HCP-PC sample, 
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the latter possesses a higher load bearing capacity under loads higher than 100g than the 

former mainly due to the difference of their substrate hardness. Thus under a relatively high 

load, the stronger mechanical support from the substrate to surface has contributed to the 

lower wear volume of the HCP-PC sample as compared to that of the FCC-PC sample. 

  

5.5 tribocorrosion properties 

5.5.1 General synergistic effect between wear and corrosion 

The tribocorrosion behaviour of a carburised layer on the surface of Co–28Cr-6Mo material 

has been studied systematically under both potentiodynamic and potentiostatic conditions in 

the tribocorrosion process. The material loss depends on pure mechanical part (wear), pure 

chemical part (corrosion) and more importantly the interaction between corrosion and wear 

resulting in wear-induced corrosion and corrosion-induced wear.  

 

On one hand, corrosion is accelerated by wear. The passive film at the contact area is 

removed or damaged in a single cycle or a certain amounts of cycles by sliding motion, which 

increases the ratio of active-to-passive area resulting in the cathodic shift of corrosion 

potential, increased current and a negative shift of OCP. Material loss from corrosion can be 

derived from two parts including the loss from the dissolution of bare material reacting with 

electrolyte and the formation of passive films which may be followed by removal or 

damaging by sliding motion.  
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On the other hand, wear is either accelerated or slowed by corrosion. The corrosion products 

broken down by wear can serve as third body abrasion particles resulting in corrosion-induced 

wear. At the same time, the corrosion products produced on the surface in wear track can 

modify the surface tribological behaviour such as coefficient of friction and change the wear 

mechanism. Oxide film can work as protective film to stop the interaction between two 

counterparts.  

 

5.5.2 Mechanical wear and chemical wear  

It is important to derive tribocorrosion components including the contribution of chemical and 

mechanical parts to total material loss. Efforts have been made by several investigators [76, 

82, 84] to separate wear caused by mechanical part and chemical part. The total wear loss (VT) 

can be simply given by the sum of mechanical wear (Vmech) and chemical wear (Vchem), where 

Vmech includes material loss due to pure mechanical wear without the effect of corrosion and 

corrosion-induced wear, and Vchem includes material loss due to pure corrosion without 

mechanical wear and wear-induced corrosion.  

VT = Vmech+Vchem                                Equation 2.5.1 

 

The volume loss due to chemical wear can be calculated according to the Faraday’s law 

Vchem = ItM/(nFρ)                                Equation 2.5.2 

where I is the current over the sliding period, t is sliding time, M is the atomic mass of the 

material, n is the valence of dissolution and passivation, F is the Faraday’s constant 

(96,458C/mol) and r is the density of alloy. For Co–Cr alloys the valence is corresponding to 
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2 for the dissolution of Co and Cr in the active region and the valence is corresponding to 3 

for the passivation of Co and Cr in the passive region. Under the dynamic condition in 

tribocorrosion test, the exact valence value is unknown. A valence value (n) of 2.5 is selected 

to represent the periodic activation and repassivation state. The results of Vchem and Vmech are 

listed in Table 4.7.1 and depicted in Figure 5.5.1-5.5.3. 

 

 

AR sample 

For the AR samples, it can be seen from Figure 5.5.1 that the Vmech and Vchem increase with 

increasing the applied potential and Vmech is the predominating part, indicating that wear is 

slightly accelerated by corrosion. However, the increase of Vchem is much slower than that of 

Vmech, indicating that the formation of oxide films cannot protect the material from wear 

sufficiently. 

 

FCC and FCC-PC samples 

Figure 5.5.2 shows that the Vmech, Vchem and the ratio of Vchem-to-Vmech increase with 

increasing the applied potential and Vmech is the predominating part for both FCC and 

FCC-PC samples. This indicates that wear is slightly accelerated by corrosion. However, the 

increase of Vmech is much slower than that of Vchem of both FCC and FCC-PC samples, 

indicating that the formation of oxide films protects material from wear to some extent. At 

400mV (SCE), Vchem raises up to the value of Vmech for the FCC and FCC-PC samples. 
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It has been shown that the compared with the FCC sample, the FCC-PC sample exhibits the 

lower value not only in total wear volume but also in individual Vchem part and Vmech part at 

all potentials except OCP which is much more positive (-433.71 mV(SCE)) than that (-523.66 

mV(SCE)) of the FCC sample. It is responsible for the improved hardness, good corrosion 

resistance as shown in potentiodynamic tests due to the formation of superhard S-phase layer 

by low temperature plasma carburising and good repassivation rate. The improved hardness 

reduces the real contact area. At the same time, hard material can give passive film a strong 

support, so that passive films will be broken down easily and prevent the interaction between 

the ball and the sample surface. For example, the pure mechanical wear at -800 mV for the 

FCC sample is three-times of that for FCC-PC sample as shown in Table 4.7.1. 

 

HCP and HCP-PC samples 

As has been reported in Figure 5.5.3, the Vmech and Vchem of both HCP and HCP-PC increase 

with applied potential. The ratio of Vchem-to-Vmech of the HCP sample increased with 

increasing applied potential except at 400 mV (SCE). The Vmech of both HCP and HCP-PC 

samples is the predominating part as for both the FCC and FCC-PC samples, revealing that 

corrosion accelerates wear process. For the HCP sample, the Vmech increase much slower than 

that of Vchem, indicating that the formation of oxide films protects material from wear. At 

400mV (SCE), Vchem increases to the value of Vmech for the HCP sample. 

 

Clearly, the HCP-PC sample exhibits a lower value not only in total volume but also in 

individual Vchem part and Vmech part at all anodic potentials than the HCP sample. This could 
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be attributed to the improved hardness and good corrosion resistance measured by 

potentiodynamic tests due to the formation of hard and corrosion resistant Co3C dominated 

layer by low temperature plasma carburising. The surface hard Co3C layer can provide the 

thin passive films formed under anodic potentials a strong mechanical support, thus inhibiting 

the broke-down of passive films. This can effectively prevent both the mechanical and 

chemical interaction between the counterpart ball and the sample surface in Ringer’s solution.  

 

The pure mechanical wear at -800 mV from wear track for the HCP sample is similar to that 

for the HCP-PC sample as shown in Table 4.7.1. The pure mechanical wear at OCP from 

wear track for the HCP sample is even lower than that for the HCP-PC samples although the 

HCP-PC samples possess a much higher hardness than the HCP samples. This is mainly 

because of the difference in wettability and resultant lubrication conditions between HCP Co 

and Co3C phase when no thick enough passive films can form at OCP. 

 

5.5.4 Tribocorrosion mechanism 

AR samples 

The observations on the wear tracks of the AR samples (Fig. 4.7.23) tested under OCP and 

400 mV(SCE) showed two typical tribocorrosion mechanisms of the AR samples. At cathodic 

and OC potentials, the material was transferred to the ball and the process is dominated by 

severe adhesive wear. At anodic potentials, the adhesive wear is reduced due to the formation 

of thin passive film between the contact surfaces. Wide and parallel grooves can be seen in 

the wear track with less material transfer from the sample surface to the counterpart ball, 
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which suggests the abrasive wear mechanism. This is in good agreement with the calculated 

Vmech results as shown in Figure 5.5.1  

 

FCC and FCC-PC samples 

At cathodic and OC potentials, no or less effect of chemical part on mechanical part should be 

made by the tribocorrosion process. The effect of the formation of S-phase on total wear loss 

is more significant at anodic potentials. At cathodic and OC potentials, FCC and FCC-PC 

samples exhibited different tribocorrosion mechanisms.  

 

When the FCC samples are tested at anodic potentials, although surface oxide films will form 

due to passivation, without mechanical support from the substrate, such oxide film could be 

easily damaged and partially removed. Therefore, fine oxide fragments could serve as 

abrasives to cause abrasive wear and locally transferred and work-hardened materials could 

also contribute to the abrasive wear.  

 

For plasma carburised FCC-PC samples, the hard S-phase layer can effectively support 

surface oxide films formed during sliding at anodic potentials. Hence, the tribopair will 

change from metal-to-ceramic to ceramic-to-ceramic and micro-polishing mechanism 

predominates. However, the reason why the FCC and FCC-PC samples showed similar 

tribocorrosion resistance at OCP is not very clear and further study may be needed. 
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HCP and HCP-PC samples 

At cathodic and OC potentials, the materials of both HCP and HCP-PC samples significantly 

were transferred to the counterpart ball without the protection of passive films. The much 

harder HCP-PC samples even show higher material volume loss which may be due to the 

poorer wettability or worse lubrication conditions than the softer HCP samples. At anodic 

potentials, thick enough passive film can modify the surface friction condition and also 

change the contact mode. In this case, the very hard Co3C layer can give the surface passive 

films much stronger mechanical support than HCP Co phase, thus lead to the much reduced 

total material loss.  

 

Comparison between FCC-PC and HCP-PC samples 

The total wear volume, Vmech and Vchem of the HCP-PC samples are constantly lower than 

those of the FCC-PC samples under all potentials except the total wear volume and Vchem 

under 400 mV(SCE). This implies that the chemical wear part of the HCP-PC sample is 

accelerated under 400 mV(SCE) which should be responsible for the higher material loss than 

the FCC-PC sample.  

 

5.5.5 Potential impact and limitation 

Based on the wear volume of all samples under different potentials, wear factors can be 

calculated by dividing wear volume by time and load. The results of wear factors are listed in 

Table 5.5.1. This parameter can be used as an indication for estimated service life of 

as-received, heat-treated samples, S-phase engineered (FCC-PC sample) and Co3C layer 
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enhanced (HCP-PC sample) ASTM 1537 Co-28Cr-6Mo alloy under different potentials in 

Ringer’s solution. Due to the magnetic properties of Co3C phase, the plasma carburised 

HCP-PC sample cannot be used for implant material. However, the tribocorrosion 

characaterisation reveals that it is suitable for tribocorrosion working conditions.   

 

Clearly, this investigation has revealed, for the first time, that except for under OCP 

conditions, the S-phase engineered Co–Cr surface possesses a significantly improved 

corrosion wear resistance than the uncarburised FCC structured Co–Cr alloy. According to 

the research by Velten et al., the range of body potential ranges from 363 to 463mV vs. SCE, 

therefore it is estimated according the current research results shown in above Table 5.5.1 that 

the life of S-phase engineered Co–Cr surface could be at least twice that of the uncarburised 

Co–Cr surface.  

 

However, the electrolyte used in this study is Ringer’s solution, which can only simulate the 

inorganic salts part of body fluids without considering the complicated effect of such organic 

species as proteins and amino acid. Some researchers [79] have conducted tribocorrosion 

investigations using bovine calf serum containing proteins and found that proteins can assist 

in the formation of protective tribolayer against corrosion. In addition, the unidirectional 

sliding mode used in this study is much simpler than the contact mode in actual triaxial hip or 

knee joint movement. Therefore, in further study, it is desirable to conduct in situ 

tribocorrosion tests in more relevant biological environments (such as Dulbecco’s Modified 

Eagle’s Medium) using hip or knee simulators if possible. 
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The tribopair used in this investigation is metal-to-ceramic rather than the popular tribopair 

used in metal-to-metal hip joints. This is mainly to make sure that only the disc sample is 

subjected to electrochemical actions without the influence of the counterpart ball, which is a 

simplified in vitro study method widely used for tribocorrosion electrochemical measurement. 

Metal-on-metal contact can result in more severe adhesive wear than metal-on-ceramic pair, 

and what is more abrasive wear of Co–Cr bearing surface by bone cement and loose carbides 

have also been observed. The S-phase engineered superhard Co–Cr-Mo surfaces (more than 

1200HV0.025 at the surface) could effectively reduce adhesive wear for metal-to-metal hip 

joints and abrasive wear of Co–Cr bearing surfaces of metal-to-polymer hip or knee joints 

with bone cement fixation. 
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CHAPTER 6 CONCLUSIONS 

A systematic investigation has been conducted to study the response of a medical grade 

ASTM F1537 Co-28Cr-6Mo alloy with different phase constituents to low-temperature 

plasma carburing. Based on the results and discussion presented in the last two chapters, the 

following conclusions can be drawn: 

 

Part I - Microstructure of as-received and heat treated material 

1. The microstructure of the as-received Co-28Cr-6Mo alloy consists of fine 

(approximately 8 µm ) α-FCC and ε-HCP grains together with carbides (0.5-4.0 µm) 

mostly distributed along the grain boundaries. 

 

2. After solution treatment at 1250 °C for 1.5 h followed by air cooling, the microstructure 

of the Co-28Cr-6Mo alloy is dominated by the α-FCC phase (>95%). 

 

3. Further aging treatment of the solution treated material at 850 °C for 15 followed by 

water quenching can produce a ε-HCP phase dominated (>97%) microstructure (coded 

as ‘HCP’); when the aging time is reduced to 4 h, a mixed microstructure with about 40% 

ε-HCP phase and 60% α-FCC phase can be produced.  

 

 

Part II - Microstructure of the plasma carburised samples 

4. A 7 µm-thick carbon supersaturated S-phase layer without precipitates can be generated 
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on the nearly fully FCC structured Co-28Cr-6Mo alloy (coded as ‘HCP-PC’) by 

low-temperature plasma carburising treatment at 450°C for 10 h with a gas mixture of 

98.5 vol% H2 and 1.5 vol% CH4. 

 

5. A 2 µm-thick surface layer with Co3C dispersed in the HCP structured matrix can be 

generated on the nearly fully HCP structured Co-28Cr-6Mo alloy (coded as ‘HCP-PC’) 

by the low-temperature plasma carburising treatment. The Co3C phase shows a fine 

needle structure and grows from surface towards the core. 

 

6. A S-phase layer and a Co3C dispersed layer can be generated by the low-temperature 

plasma carburising treatment on the originally FCC and HCP structured grains 

respectively of the 40% HCP structured Co-28Cr-6Mo alloy (coded as ‘40HCP-PC’). 

 

Part III - Mechanical properties of the plasma carburised samples 

7. The surface hardness of Co-28Cr-6Mo alloy with different FCC/HCP ratios has been 

improved by the low-temperature plasma carburising treatment. The surface hardness of 

the FCC-PC (S-phase dominating) sample is 1270 HV0.025; the surface hardness of the 

HCP-PC (Co3C dominating) and 40HCP-PC samples is 1156 and 1162 HV0.025, 

respectively.  

 

8. The FCC-PC and HCP-PC samples show very similar nanohardness measured by a 

nanohardness tester, indicating that the Co3C dominated layer formed on the HCP 
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structured Co-28Cr-6Mo alloy by the low-temperature plasma carburising is as hard as 

the S-phase case produced on the FCC structured Co-28Cr-6Mo alloy. 

 

9. The FCC-PC sample has a higher load bearing capacity than the HCP-PC and 

40HCP-PC samples when loaded under a relatively low load of 25 and 50 g mainly due 

to its relatively thick hardened case. However, when loaded at 100 g or above, the order 

is changed and the HCP-PC sample outperforms the 40HCP-PC and FCC-PC samples 

mainly due to their hard substrate. 

 

10. The the low-temperature plasma carburising  treatment has resulted in an increase in 

hardness to reduced modulus ratio for both originally α-FCC dominating and ε-HCP 

dominating Co-Cr samples with the former being more significant than the latter. 

 

Part IV - Corrosion and wear properties of the plasma carburised samples 

11. After the low-temperature plasma carburising, the corrosion potential tested in Ringer’s 

solution is -102.3, -185.3 and -181.4 mV(SCE) respectively of the originally α-FCC 

structured (FCC-PC), partially ε-HCP structured (40HCP-PC) and fully (HCP-PC) 

ε-HCP structured samples.  

 

12. Among all the three plasma treated samples, the FCC-PC shows the best corrosion 

behaviour in Ringer’s solution in terms of the highest corrosion potential and the lowest 

corrosion current density mainly due to the formation of the S-phase layer.  
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13. The low-temperature plasma carburising treatment can significantly improve the wear 

resistance of the Co-28Cr-6Mo alloy with different FCC/HCP ratios mainly due to 

increased hardness. The HCP-PC sample has exhibited the lowest wear volume among 

all the plasma carburised samples. 

 

Part V -Tribocorrosion properties of the plasma carburised Co-28Cr-6Mo alloy 

14. The low-temperature plasma carburising treatment has resulted in an anodic shift in 

corrosion potential and a decrease in anodic current under potnetiodynamic for 

Co-28Cr-6Mo alloy with different FCC/HCP ratios. The HCP-PC sample shows more 

positive corrosion potential than the FCC-PC sample under tribocorrosion condition. 

 

15. The current of the plasma carburised FCC-PC and HCP-PC samples is more stable and 

lower over the whole sliding period at anodic potentials compared to uncarburised FCC 

and HCP samples. The corrosion resistance of Co-28Cr-6Mo alloy under tribocorrosion 

condition has been improved by the low-temperature plasma carburising treatment. 

 

16. The low-temperature plasma carburising treatment has led to a reduction in total wear 

volume at all potentials except OCP. The HCP-PC samples show a much lower total 

wear volume than the FCC-PC samples at all potentials except 400 mV (SCE). 
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CHAPTER 7 FUTURE WORK 

This work has shown the different responses of Co-28Cr-6Mo alloy with different FCC/HCP 

ratios to low-temperature plasma carburising treatment. The results have demonstrated that 

the carburised FCC structured Co-28Cr-6Mo alloy could be a desirable material for hip joint 

prostheses due to its unique combination of improved hardness, corrosion, wear and 

tribocorrosion resistance. However, the tests were only carried out under laboratory 

conditions. To fully address the problems associated with metal-on-metal hip joint prostheses 

and advance our scientific understanding, some future work is briefly outlined below. 

 

1. The laboratory tribocorrosion results have shown that the S-phase modified 

Co-28Cr-6Mo alloy exhibited the lowest wear volume under 400 mV(SCE) which is the 

human body potential. Simulation tests of plasma carburised hip joint prostheses should 

be conducted to demonstrate the technological potential of the new technology. 

 

2. The study on the relationship between the carburising time and layer thickness of Co3C 

dispersed layer on HCP structured Co-28Cr-6Mo alloy is suggested to establish the 

kinetics; STEM study of the Co3C dispersed layer to advance scientific understanding 

and the formation mechanisms involved.  
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potentials: (a) at -250mV (SCE), (b) 0mV (SCE) and (c) 400mV (SCE). 

Figure 4.7.18 Typical cross-section profiles of wear tracks of AR (a) at OCP and (b) at 

-250, 0 and 400 mV (SCE). 

Figure 4.7.19 Typical cross-section profiles of wear tracks of FCC and FCC-PC (a) at 

OCP and (b) 0mV (SCE). 

Figure 4.7.20 Typical cross-section profiles of wear tracks of HCP and HCP-PC (a) at 

OCP and (b) 400 mV(SCE).  

Figure 4.7.21 Total wear volume of all samples as a function of potentials (error bar 

showing the standard deviation). 

Figure 4.7.22 Coefficient of friction of the AR and heat-treated samples as a function 

of applied potential (error bar showing the standard deviation).  

Figure 4.7.23 Secondary electron images of wear tracks generated (a) at OCP and (b) 

at 400mV (SCE) for AR. Optical microscopic images of balls tested (c) 

at OCP and (d) at 400mV (SCE) for AR. 

Figure 4.7.24 Secondary electron images of wear tracks generated (a) at OCP and (b) 

at 0mV (SCE) for FCC. Optical microscopic images of balls tested (c) at 

OCP and (d) at 0mV (SCE) for FCC. 

Figure 4.7.25 Secondary electron images of wear tracks generated (a) at OCP and (b) 

at 400mV (SCE) for HCP. Optical microscopic images of balls tested (c) 

at OCP and (d) at 400mV (SCE) for HCP. 



 
 

Figure 4.7.26 Coefficient of friction of the AR and plasma carburised samples as a 

function of applied potential (error bar showing the standard deviation). 

Figure 4.7.27 Secondary electron images of wear tracks generated (a) at OCP and(b) at 

0mV (SCE) for near FCC-PC. Optical microscopic images of balls 

tested (c) at OCP and (d) at 0mV (SCE) for FCC-PC.  

Figure 4.7.28 Secondary electron images of wear tracks generated (a) at OCP and (b) 

at 400mV (SCE) for HCP-PC. Optical microscopic images of balls 

tested (c) at OCP and (d) at 400mV (SCE) for HCP-PC.  

Figure 4.7.29 Coefficient of friction of samples before and after plasma carburising 

treatment as a function of applied potential: (a) FCC and FCC-PC and (b) 

HCP and HCP-PC (error bar showing the standard deviation). 

Figure 5.2.1 Co-C phase diagram. [149] 

Figure 5.2.2 Ellingham diagram for (a) the first-transition-series carbides including 

Cr23C6, Cr7C3, Cr3C2 and Co2C and (b) the second- and third-transition 

series carbides including Mo2C. [152] 

Figure 5.2.3 Qualitative phase diagram of a Co-C system on the (G, X) coordinates. 

[153] 

Figure 5.5.1 (a) Results of Vchem and Vmech and (b) the ratio of Vchem-to-Vmech for the 

AR sample. 

Figure 5.5.2 (a) Results of Vchem and Vmech and (b) the ratio of Vchem-to-Vmech for the 

FCC and FCC-PC samples. 

Figure 5.5.3 (a) Results of Vchem and Vmech and (b) the ratio of Vchem-to-Vmech for the 

HCP and HCP-PC samples. 
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Table 1.1.3 Revision rates by prosthesis type at one, three and five years for primary hip 
replacement procedures, undertaken between 1st April 2003 and 31st December 2009, 
which were linked to a HES/PEDWepisode. [10] 
 

 
 
 
 
 
 
 
Table 2.1.1 Chemical composition of biomedical grade Co-Cr alloys. 
 

 
 
 
 
 
 
 
 
 
 
 

Alloy Co Ni N Cr Ti Mo Al Fe Mn W C Si
ASTM
F75

bal <2.0 27.0-30.0 4.5-7.0 <1.5 <1.0 <0.35 <1.0

ASTM
F90

bal 9.0-11.0 19.0-20.0 <3.0 <2.5 14.0-
16.0

<0.15 <1.0

ASTM
F562

bal 33.0-
37.0

19.0-21.0 <1.0 9.0-11.0 <1.0 <0.15 <0.15

ASTM
F1537

bal <1.0 <0.25 26.0-30.0 5.0-7.0 0.3-1.0 <0.75 <1.0 <0.35 <1.0



 
 

 
 
 
Table 2.2.1 Mechanical properties of cobalt-based biomedical grade alloys. [1] 
 

Alloy Condition 

Young's 

modulus 

(GPa) 

Yield 

strength 

(MPa) 

Tensile 

strength (MPa) 

Fatigue endurance limit 

(at 107 cycles, R=-1e) 

(MPa) 

ASTM F75 
As-case/annealed 210 448-517 655-889 207-310 

P/M HIPb 253 841 1277 725-950 

ASTM F799 Hot forged 210 896-1200 1399-1586 600-896 

ASTM F90 
Annealed 210 448-648 951-1220 Not available 

44% Cold worked 210 1606 1896 586 

ASTM F562 

Hot forged 232 965-1000 1206 500 

Cold worked, 

aged 
232 1500 1795 

689-793 (axial tension 

R=0.05, 30Hz) 

 
 
 
 
 
 
 
Table 3.1.1 Chemical compositions of as-received materials. 

 
 
 
 

 
 
 
 
 
Table 3.2.1 Sample code and corresponding treatment conditions. 
 
Sample Code Sample Treatment 

AR (as-received) None 

FCC Solution treatment at 1250 °C for 1.5 hours (air cooling) 

FCC-PC FCC followed by LTPC at 450 °C for 10 hours  

40HCP FCC followed by aging at 850 °C for 4 hours (water quenching) 

40HCP-PC 40HCP followed by LTPC at 450 °C for 10 hours  

HCP FCC followed by aging at 850 °C for 15 hours (water quenching) 

HCP-PC HCP followed by LTPC at 450 °C for 10 hours  
 

Element C Mn Si Cr Mo N Co 
wt% 0.25 0.76 0.72 28.35 6.9 0.15 bal. 



 
 

 
 
 
 
 
Table 4.2.1 Area fractions of ε-HCP of different heat-treated samples based on EBSD 
analysis. 
 

     FCC 40HCP       HCP 
HCP area fraction % 0.10  49.70  94.40  
Standard deviation 

Unresolved area 
0.01  
0.52 

1.08  
1.10 

0.55  
0.72 

 
 
 
 
 
 
 

 
Table 4.5.1 Corrosion potentials of heat-treated samples based on anodic polarisation 
curves. 

 
Sample code  Ecorr ( mV vs. Ag/AgCl) 

AR -138.3 
 FCC -177.4 

40HCP -224.1 
 HCP -228.9  

 
 
 
 
 
 
 
Table 4.5.2 Corrosion potentials of all plasma carburised sample surface based on 
anodic polarisation curves. 

Sample code  E corr ( mV vs. Ag/AgCl) 
AR -138.3 

 FCC-PC -102.4 
40HCP-PC -185.3 
 HCP-PC -181.4 
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Table 5.5.1 Total wear factor of all samples. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AR FCC FCC-PC HCP HCP-PC
-800 7.77E-09 1.95E-08 6.84E-09 3.63E-09 7.54E-09
-526.00(OCP, HCP) - - - 1.32E-08 -
-523.38 (OCP, FCC) - 5.00E-08 - - -
-517.66 (OCP, AR) 1.60E-08 - - - -
-433.71 (OCP, FCC-PC) - - 5.56E-08 - -
-388.01 (OCP, HCP-PC) - - - - 2.88E-08
-250 3.33E-07 3.33E-07 1.27E-07 2.80E-07 3.38E-08
0 4.79E-07 4.32E-07 1.75E-07 5.05E-07 1.40E-07
400 5.59E-07 5.15E-07 2.13E-07 6.48E-07 2.46E-07

potential (mV/SCE) total wer factor (mm3/N/s)



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.1 Effect of alloying additions on the HCP to FCC transformation in cobalt as 
a function of solubility in FCC cobalt, showing relating solubility with the effect of an 
element on the transformation temperature. [30] 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 

 
 

Figure 2.2.2 SEM microgtaphs showing the morphology of (a) athermal martensite 
(striations) in a powder structure Co-Cr alloy [32] and (b) isothermal mattensite 

(discontinuous lamellae) in a wrought low carbon Co-Cr alloy [36]. 



 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.3 The Co-Cr phase diagram with the vertical dotted line corresponding to the 
28 % Cr-containing Co-based alloy which is the composition of Cr in ASTM F1537 
Co-Cr-Mo alloy. [38] 
 
 
 

 
 
Figure 2.2.4 Periodic table showing the element pairs for the formation of σ phase. The 
crystal structure and atomic radius of pure Cr, Co and Mo and the possible element 
pairs of σ phase are highlighted. [40] 

 



 
 

 
 
 
 

 
 
Figure 2.2.5 Compositional images showing the σ phases denoted by white arrows, 
respectively, for (a) low carbon and (b) high carbon alloys. [44] 
 
 
 
 
 
 

 
 
Figure 2.2.6 Effect of adding elements of varying electronegativity on type of carbides 
formed in Co-based alloys, carbon assumed 0.1-0.6 %. [46] 
 



 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2.2.7 Effect of processing on the microstructure of Co-Cr-Mo surgical implant 
alloys. (a) Investment-cast alloy. (b) Forged alloy. [54] 
 
 
 



 
 

   
 
Figure 2.3.1 Schematic of the interface of a passivated metal surface in a biological 
solution. [1] 
 
 
 

    
 
Figure 2.3.2 Key components of (a) the air-formed passive film and (b) corroded 
surface. [56] 
 
      



 
 

       
 

      
        
Figure 2.4.1 Dry sliding wear map for Stellite 6 against a WC-Co 90/10 disc. [72] 
 

     
 
Figure 2.4.2 Schematic of plastic flow for hexagonal metals. Because of the limited 
number of slip planes , the two metals do not conform after slippage which reduces the 
degree of metal-metal contact. [74] 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
 
Figure 2.5.1 Different contact modes involving tribocorrosion. [81] 
 
 
 
 



 
 

 
 
 

     
 
Figure 2.5.2 Schematic of four types of factors affecting the tribocorrosion system 
under electrochemical condition. [81] 
 
 
 

                 
 
Figure 2.6.1 Schematic depiction of coating collapse caused by excessive point contact 
loading – the ‘thin-ice effect. [92] 
 
 
 



 
 

 
 

 

 
 
Figure 2.6.2 Classification of surface engineering technologies. [101] 
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Figure 2.6.3 The closed field unbalanced magnetron sputter ion plating system (plan 

view). [121] 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 
 

 
 
Figure 3.3.1 Schematic of the steps of a cross-sectional TEM sample preparation. [142] 
 
 
 
 
 
 
 

         
 
Figure 3.3.2 Secondary electron image of cross-sectional TEM sample thinned using a 
Quanta 3D FEG FIB miller 
 



 
 

 
 

        
 
Figure 3.3.3 typical load-displacement curve measured using nanoindentation device. 
[143] 
 
 
 

 
 
Figure 3.3.4 Schematic representation of cross-sectional view of an indent showing the 
parameters used for calculating hardness (H) and reduced elastic modulus (Er). [143] 
 



 
 

 
 

 
 
Figure 3.3.5 Schematic diagram of the reciprocating tribometer. 

 
 
 
 

   
 
Fig. 3.3.6 Schematic diagram of the tribo-electrochemical cell. [84]  
 
 



 
 

   
Figure 4.1.1 Optical micrographs showing the microstructure of the AR sample.  
 
 

   
Figure 4.1.2 SEM observation showing the microstructure of the AR sample. 
 
 

  20 µm 

       20 µm 



 
 

 
 
 

 
Figure 4.1.3 Secondary electron micrographs showing the microstructure of the AR 
sample and EDX analysis of the AR sample (high content of Cr or Mo is highlighted). 
 
 
 
 
 

Figure 4.1.4 XRD spectra for the AR sample.  
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Element, wt% spot 1 spot 2 spot 3
C 3.37 10.29 7.75
Si 0.71 1.69 2.71
Co 61.62 12.97 44.62
Cr 28.52 63.12 25.26
Mo 5.78 11.93 19.66
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 b  M23C6 [112] 

 c FCC [110] 

Figure 4.1.5 (a) TEM microstructure of AR sample and corresponding SAD patterns of 
(b) M23C6 carbide (B=[112]) from B area and (c) α-FCC phase (B=[110]) from C area. 
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Figure 4.1.6 TEM microstructure of defects observed in the AR sample: a) Micro twins 
and b) stacking faults (g = [220]). 
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Figure 4.1.7 (a) TEM micrograph and (b) corresponding SAD pattern from α-FCC and 
ε-HCP phases in the AR sample. 
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Figure 4.2.1 Amount of HCP phase after designed heat treatments based on XRD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.2.2 XRD spectra for the FCC sample 
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Figure 4.2.3 (a) Optical and (b) SEM microstructure of the FCC sample. 
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Figure 4.2.4 (a) SEM of as-polished (b) phase map showing the phase distribution with 
yellow for α-FCC, blue for ε-HCP and red for M23C6 (M=Cr0.77Co0.15Mo0.08) and (c) 
crystal orientation map of the FCC sample, 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
              Figure 4.2.5 XRD spectra for the HCP sample. 
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Figure 4.2.6 Optical and SEM micrograph showing the microstructure of HCP sample.  
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Figure 4.2.7 (a) SEM, (b) phase map (yellow for α-FCC, blue for ε-HCP, red for M23C6 

(M=Cr0.77Co0.15Mo0.08)) and light green for sigma phase (c) crystal orientation map 
of ε-HCP coloured according to the crystal direction parallel to the normal direction of 
HCP sample.  
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2.8 Back-scattered electron microscope image showing the microstructure of 
the HCP sample. 
 
 
 

      
Figure 4.2.9 EDX line scan across the dark contrasted thin plate and irregular shape 
microstructures  
   

Co 
Cr 
 
 
 
Mo 
Si 
C 



 
 

 
 
 
 
 
 
 
 
 
 

 
 

wt %  C Si Cr Mn Co Mo Possible phase 
point 1 4.05 0.92 34.57 0.84 49.84 9.77 Co2(Cr,Mo)3 σ 
point 2 5.94 0.67 29.17 0.73 58.12 5.36      M23C6 
point 3 3.97 0.45 27.32 0.89 62.58 4.79 HCP Co 

 
Figure 4.2.10 EDX analysis on white and dark contrasted particles. 
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Figure 4.2.11 XRD spectra for 40HCP sample. 
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Figure 4.2.12 optical micrograph showing the microstructure of 40HCP sample. 
 
 

 
Figure 4.2.13 SEM micrograph showing the microstructure of 40HCP sample. 
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Figure 4.2.14 (a) secondary electron micrograph of as-polished 40HCP sample. 
       

       
Figure 4.2.14 (b) phase map showing the phase distribution with yellow for α-FCC, 
blue for ε-HCP, red for M23C6 (M=Cr0.77Co0.15Mo0.08) and light green for sigma 
phase. 



 
 

       
Figure 4.2.14 (c) crystal orientation map of α-FCC coloured according to the crystal 
direction parallel to the normal direction of 40HCP sample.  
 

       
Figure 4.2.14 (d) crystal orientation map of ε-HCP coloured according to the crystal 
direction parallel to the normal direction of 40HCP sample. 
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Figure 4.2.15 Bright field TEM microstructure of thin rectangle blocks from 40HCP 
sample (a) longitudinal view and (b) transverse view. 
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Figure 4.2.16 (a) SAD pattern taken from the precipitates shown in Figure 4.2.15. (b) 
Indexing of the patterns: 2110 HCP // [110]M23C6 
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                  b          [2110]ε//[123]M23C6, (0111)ε//(111)M23C6  
 
Figure 4.2.17 (a) Bright field TEM microstructure and b) corresponding SAD pattern 
showing ε-­‐HCP matrix and irregular shaped M23C6 particle in 40HCP sample. 
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                    b    [100]α//[100]M23C6, (002)α//(002) M23C6  

 

Figure 4.2.18 (a) Bright field TEM microstructure and b) corresponding SAD pattern, 
showing irregular shaped M23C6 particles along FCC matrix grains in 40HCP sample. 
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Figure 4.2.19 (a) Bright field TEM microstructure and b) corresponding SAD pattern 
showing σ phase Co2(Mo,Cr)3 (PDF code 00-029-0490) in 40HCP sample. 
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b          [2110]ε // [110]α, (0001)ε//(111)α 
	
  

Figure 4.2.20 Bright field TEM microstructure (a) and (b) corresponding SAD pattern 
from 40HCP sample showing ε-­‐HCP plates embedded in FCC matrix with a [2110]ε // 
[110]α, (0001)ε//(111)α relationship.	
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Figure 4.3.1 XRD spectra of (a) the FCC-PC sample and (b) comparasion between the 
FCC and FCC-PC samples. 
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Figure 4.3.2 (a) Optical and (b) secondary electron micrographs showing plan-view 
surface morphology of the FCC-PC sample. 
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Figure 4.3.3 (a) Optical and (b) SEM showing surface layer structure of the FCC-PC 
sample. 

 20 µm 

   10 µm 



 
 

 
 
 

 
a 
 

 
b 
 

Figure 4.3.4 GDS depth profiles of the FCC-PC sample: (a) all elements and (b) carbon. 
 
 

 



 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3.5 XRD spectra of (a) the HCP-PC sample and (b) comparasion between the 
HCP and HCP-PC samples (question marks for the unidentified peaks). 
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Figure 4.3.6 Optical microscope image showing the surface morphology of the HCP-PC 
sample. 
 

    
Figure 4.3.7 SEM image showing surface morphology of the HCP-PC sample. 
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Figure 4.3.8 Optical microscope image showing the cross-sectional microstructure of 
the HCP-PC sample. 

 
 

      
Figure 4.3.9 SEM image showing the cross-sectional microstructure of the HCP-PC 
sample. 
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Figure 4.3.10 GDS depth profiles of the HCP-PC sample: (a) all elements and (b) 
carbon. 
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Figure 4.3.11 XRD spectra of (a) the HCP-PC sample and (b) comparasion between the 
40HCP and 40HCP-PC samples (question mark for the unidentified peak). 
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Figure 4.3.12 Optical microstructure of surface morphology taken from 40HCP-PC 
sample. Bright contrast patches are ε-HCP grains; dark contrast patches are α-FCC 
grains. 
 
 
  



 
 

 
 
 
 
 
 

 
Figure 4.3.13 SEM image showing the cross-sectional microstructure of 40HCP-PC 
sample. 
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Figure 4.3.14 GDS depth profiles of 40HCP-PC sample: (a) all elements and (b) carbon. 
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Figure 4.3.15 (a) TEM microstructure and corresponding SAD patterns (b) from A area 
and (c) from B interface area, of the 40HCP-PC sample. 
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Figure 4.3.16 (a) TEM microstructure of the 40HCP-PC sample and (b and c) 
corresponding SAD patterns for the surface layer formed on HCP grain during PC 
treatment. 

 

2,2,-2

2,1,-2

2,0,-2

2,-1,-2

2,-2,-2

1,2,-1

1,1,-1

1,0,-1

1,-1,-1

1,-2,-1

0,2,0

0,1,0

0,-1,0

0,-2,0

-1,2,1

-1,1,1

-1,0,1

-1,-1,1

-1,-2,1

-2,2,2

-2,1,2

-2,0,2

-2,-1,2

-2,-2,2

Zone axis : [1,0,1]

1,-2,2
1,-2,1

1,-2,0
1,-2,-1

1,-2,-2
0,0,2

0,0,1

0,0,-1
0,0,-2

-1,2,2
-1,2,1

-1,2,0
-1,2,-1

-1,2,-2
Zone axis : [2,1,0]

  1 µm 



 
 

 
 
 

 
Figure 4.3.17 TEM microstructure of the surface layer of the HCP-PC sample and 
irregular M23C6 particles. 

 
 
 
 
 

 
Figure 4.3.18 (a) Dark field TEM microstructure and (b) corresponding SAD pattern 
showing the M23C6 in the HCP-PC sample.    
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Figure 4.4.1 Microhardness of AR and heat-treated materials (error bar showing the 
standard deviation). 
 
 

 
Figure 4.4.2 Surface hardness of plasma carburised materials (error bar showing the 
standard deviation). 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.4.3 Depth hardness profiles of plasma carburised materials. 
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4.4 Hardness and carbon concentration depth profiles of sample (a) FCC-PC, 
(b) 40HCP-PC and (c) HCP-PC. 
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Figure 4.4.5 Load bearing capacity of plasma carburising samples under different loads 
(error bar showing the standard deviation). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4.6 Back scattered electron images of indents on: (a) FCC-PC samples tested 
under 100g, (b) HCP-PC samples tested under 300g and (c and d) 40HCP-PC samples 
tested under 300g. 
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Figure 4.4.7 Nanoindentation results of bulk α-FCC and ε-HCP Co-Cr materials before 
and post plasma carburising treatments: (a) H and E and (b) calculated H/E (error bar 
showing the standard deviation). 
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Figure 4.4.8 (a) Phase map of 40HCP sample post nanoindentation tests (blue for 
ε-HCP Co, yellow for α-FCC Co, red for M23C6). 
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Figure 4.4.8 (b) α-FCC Co phase normal direction grain map. 
 

 
Figure 4.4.8 (c) nanoindentation results of different FCC grains (error bar showing the 
standard deviation). 
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Figure 4.4.8 (d) ε-HCP Co phase normal direction grain map. 
 

 
Figure 4.4.8 (e) nanoindentation results of different HCP grains (error bar showing the 
standard deviation).       



 
 

 

         

         

         
 
Figure 4.4.9 Cross-sectional observations before and post nanoindentation for the 
40HCP-PC sample: (a) phase map showing cross-sectional phase distribution before 
nanoindentation, (b) secondary electron micrograph after nanoindentation and (c) phase 
map showing the positions of indents post nanoindentation. 
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Figure 4.4.10 Depth profiles of nano-hardness of FCC and HCP originated grains after 
plasma carburising. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
 
 
 
  
 

  
Figure 4.5.1 Anodic polarisation curves of heat-treated samples.  
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Figure 4.5.2 SEM observations on the (a-b) AR, (c-d) FCC, (e-f) HCP and (g-h) 40HCP 
samples before and after anodic polarisation tests.  

a       AR before 

h        40HCP after g      40HCP before 

f         HCP after e       HCP before 

d        FCC after c       FCC before 

b        AR after 



 
 

 
 
 
 
 
 
 
 

 
Figure 4.5.3 Anodic polarisation curves of (a) plasma carburised samples.  
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Figure 4.5.4 Anodic polarisation curves of materials before and after low-temperature 
plasma carburising: (a) FCC and FCC-PC, (b) 40HCP and 40HCP-PC and (c) HCP and 
HCP-PC. 
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Figure 4.5.5 SEM observations on the FCC-PC samples (a) before and (b) after anodic 
polarisation tests. 
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Figure 4.5.6 SEM observation on the HCP-PC samples (a) before and (b) after anodic 
polarisation tests. 
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Figure 4.5.7 SEM observations on the 40HCP-PC samples (a) before and (b, c) after 
anodic polarisation tests. 
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Figure 4.6.1 Average friction coefficient of the AR and heat-treated samples (error bar 

showing the standard deviation). 
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Figure 4.6.2 Cross-section wear track profiles on the AR and heat-treated samples (load 
30N). 
 
 

 

Figure 4.6.3 Wear volume of the AR and heat-treated samples (error bar showing the 

standard deviation).  
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 wt % O Co Cr Mo C 
spot 1 28.69 37.54 19.16 3.82 9.74 
spot 2   60.42 28.83 6.18 2.77 

 
Figure 4.6.4 SEM observation of wear track on the AR sample: (a) low magnification 
SEM, (b) high magnification SEM and (c) EDX analysis. 
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Figure 4.6.5 (a) low and (b) high magnification SEM observations of wear tracks, (c) 
SEM observation of wear debris on the FCC sample and (d) EDX analysis.  
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O Co Cr Mo C
spot 3 33.25 6.76 19.07 4.61 5.08
spot 4 59.03 28.76 6.59 3.9
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Figure 4.6.6 (a) low and (b) high magnification SEM observations of wear tracks, (c) 
SEM observation of wear debris on the HCP sample 
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Figure 4.6.7 SEM observation of wear track on the 40HCP sample (a) low 
magnification and (b) high magnification SEM. 
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Figure 4.6.8 Average friction coefficient of samples before and after plasma carburising 
treatment (error bar showing the standard deviation).  
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Figure 4.6.9 Cross-section wear track profiles on the plasma carburised samples. 
 
 

 
Figure 4.6.10 Wear volume of different samples: (a) plasma carburised samples, (b) 
samples before and after plasma carburising treatments (error bar showing the standard 
deviation). 
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wt %  O Co Cr Mo C 
spot 5 29.12 40.94 20.20 4.67 4.13 
spot 6   56.23 28.15 7.09 7.02 

 
Figure 4.6.11 SEM observation of wear track on the FCC-PC sample: (a) low 
magnification SEM, (b) high magnification SEM and (c) EDX analysis. 
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wt %  O Co Cr Mo C 
spot 7 24.24 42.11 22.04 4.84 6.30 
spot 8   54.82 28.99 8.88 5.25 

 
Figure 4.6.12 SEM observation of wear track on the HCP-PC sample: (a) low 
magnification SEM, (b) high magnification SEM and (c) EDX analysis. 
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Figure 4.6.13 SEM observation of ball tested and wear track for 40HCP-PC: (a) low 
magnification and (b) high magnification SEM. 
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Figure 4.6.14 Wear volume of the AR, heat-treated and plasma carburised samples 
(error bar showing the standard deviation). 
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Figure 4.7.1 Potentiodynamic polarisation curves of the AR and heat-treated samples 
tested under rotation without load (corrosion) condition. 
 
 

 
Figure 4.7.2 Potentiodynamic polarisation curves of the AR and plasma carburised 
samples tested under rotation without load (corrosion) condition. 
 
 
 



 
 

 
 

 

 
Figure 4.7.3 Potentiodynamic polarisation curves of samples before plasma carburising 
treatments tested under rotation without load (corrosion) condition: (a) FCC and 
FCC-PC and (b) HCP and HCP-PC. 
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Figure 4.7.4 Potentiodynamic polarisation curves of the AR and heat-treated samples 
tested under sliding (tribocorrosion) conditions. 
 
 

 
Figure 4.7.5 Coefficient of friction curves of the AR and heat-treated samples measured 
during potentiodynamic tests under sliding condition. 
 
 
 



 
 

 
 

 
Figure 4.7.6 Potentiodynamic polarisation curves of the AR and plasma carburised 
samples tested under sliding (tribocorrosion) condition. 
 
 

 
Figure 4.7.7 Coefficient of friction curves of the AR and plasma carburised samples 
measured during potentiodynamic tests under sliding. 
 
 
 



 
 

 
 
 
 

 
 

       
Figure 4.7.8 Potentiodynamic polarisation curves of samples before and after plasma 
carburising treatment tested under sliding (tribocorrosion) condition: (a) FCC and 
FCC-PC and (b) HCP and HCP-PC. 
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Figure 4.7.9 Coefficient of friction curves of samples before and after plasma 
carburising treatment measured during potentiodynamic tests under sliding: (a) FCC 
and FCC-PC and (b) HCP and HCP-PC. 
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Figure 4.7.10 Potentiodynamic polarisation curves tested under rotation without load 
(corrosion) and sliding (tribocorrosion) conditions: (a) AR, (b) FCC and FCC-PC and (c) 
HCP and HCP-PC. 
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Figure 4.7.11 OCP of AR and heat-treated samples with time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.12 The current of AR and heat-treated samples at different anodic potentials: 
(a) at -250mV (SCE), (b) 0mV (SCE) and (c) 400mV (SCE). 
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Figure 4.7.13 OCP of AR and plasma carburised samples with time. 

 
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.14 The current of AR and plasma carburised samples at different anodic 
potentials: (a) at -250mV (SCE), (b) 0mV (SCE) and (c) 400mV (SCE). 
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Figure 4.7.15 OCP of samples before and after plasma carburising treatment with time: 
(a) FCC and FCC-PC and (b) HCP and HCP-PC. 
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Figure 4.7.16 The current of the FCC and FCC-PC samples at different anodic 
potentials: (a) at -250mV (SCE), (b) 0mV (SCE) and (c) 400mV (SCE). 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.17 The current of the HCP and HCP-PC samples at different anodic 
potentials: (a) at -250mV (SCE), (b) 0mV (SCE) and (c) 400mV (SCE). 
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Figure 4.7.18 Typical cross-section profiles of wear tracks of AR (a) at OCP and (b) at 
-250, 0 and 400 mV (SCE). 
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Figure 4.7.19 Typical cross-section profiles of wear tracks of FCC and FCC-PC (a) at 
OCP and (b) 0mV (SCE). 
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Figure 4.7.20 Typical cross-section profiles of wear tracks of HCP and HCP-PC (a) at 
OCP and (b) 400 mV(SCE).  
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Figure 4.7.21 Total wear volume of all samples as a function of potentials (error bar 
showing the standard deviation). 
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.7.22 Coefficient of friction of the AR and heat-treated samples as a function of 
applied potential (error bar showing the standard deviation). 
 
 
 
 
 
 
 
 
 
 
 
 

  



 
 

       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.7.23 Secondary electron images of wear tracks generated (a) at OCP and (b) at 
400mV (SCE) for AR. Optical microscopic images of balls tested (c) at OCP and (d) at 
400mV (SCE) for AR. 
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Figure 4.7.24 Secondary electron images of wear tracks generated (a) at OCP and (b) at 
0mV (SCE) for FCC. Optical microscopic images of balls tested (c) at OCP and (d) at 
0mV (SCE) for FCC. 
 

 
 

 
 

  

0.2 mm 0.2 mm 

a                                  b 
 
 
 
 
 
 
 
 
 
 
 
 
 
c                                  d 
 
 
 
 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.25 Secondary electron images of wear tracks generated (a) at OCP and (b) at 
400mV (SCE) for HCP. Optical microscopic images of balls tested (c) at OCP and (d) 
at 400mV (SCE) for HCP. 
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Figure 4.7.26 Coefficient of friction of the AR and plasma carburised samples as a 
function of applied potential (error bar showing the standard deviation). 

  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.27 Secondary electron images of wear tracks generated (a) at OCP and (b) at 
0mV (SCE) for near FCC-PC. Optical microscopic images of balls tested (c) at OCP 
and (d) at 0mV (SCE) for FCC-PC.  
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Figure 4.7.28 Secondary electron images of wear tracks generated (a) at OCP and (b) at 
400mV (SCE) for HCP-PC. Optical microscopic images of balls tested (c) at OCP and 
(d) at 400mV (SCE) for HCP-PC.  
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Figure 4.7.29 Coefficient of friction of samples before and after plasma carburising 
treatment as a function of applied potential: (a) FCC and FCC-PC and (b) HCP and 
HCP-PC (error bar showing the standard deviation). 
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Figure 5.2.1 Co-C phase diagram. [149] 
 

  
Figure 5.2.2. Ellingham diagram for (a) the first-transition-series carbides including 
Cr23C6, Cr7C3, Cr3C2 and Co2C and (b) the second- and third-transition series carbides 
including Mo2C. [152] 



 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.2.3 Qualitative phase diagram of a Co-C system on the (G, X) coordinates. 
[153] 
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Figure 5.5.1 (a) Results of Vchem and Vmech and (b) the ratio of Vchem-to-Vmech for the AR 
sample. 
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Figure 5.5.2 (a) Results of Vchem and Vmech and (b) the ratio of Vchem-to-Vmech for the 
FCC and FCC-PC samples. 
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Figure 5.5.3 (a) Results of Vchem and Vmech and (b) the ratio of Vchem-to-Vmech for the 
HCP and HCP-PC samples. 
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