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Abstract 
First devised over half a century ago, metal-on-polyethylene (MoP) hip prostheses have 
become the gold standard for total hip arthroplasty (THA), a surgical intervention for 
degenerative hip joint conditions. The accumulation of polyethylene wear debris after 
long-term, in vivo articulations, can induce adverse cellular reactions, osteolysis and 
aseptic loosening of the implant – ultimately resulting in the failure of the THA. Despite 
the distinct differences between the biotribology of MoP and MoM prostheses, there is a 
lack of congruent high resolution research investigating the biotribological interactions 
and surface structures of MoP hip prosthesis components. This study characterized the 
surface and subsurface microstructural changes in failed MoP hip prosthesis retrievals 
using advanced electron microscopy techniques. The samples were comprised of 
retrieved metallic cobalt-chromium-molybdenum (CoCrMo) alloy femoral head 
components, one ultra-high molecular weight polyethylene (UHMWPE) acetabular cup 
component, and unused CoCrMo reference samples. The surface of the reference samples 
contained linear, parallel, uniform scratches as a result of the manufacturing process; 
whereas the surface of the retrieval samples were covered in an abundance of scratches 
and a layer of residual deposits, attributable to in vivo articulation of the implant. 
Characteristic hard phases were observed and examined on the surface and from the 
cross-sectional preparation of the cast CoCrMo samples. The multiphasic hard phases on 
the cast samples can strengthen the material but also be sites of crack propagation and 
material detachment, contributing to the generation of wear particles. Lastly, a 
nanocrystalline layer, 20 to 400 nm in thickness was observed in the subsurface 
microstructure of all samples (including references). Previous MoM studies suggest that 
the nanocrystalline layer is a result of dynamic crystallization in response to 
multidirectional, chronic loading in vivo, however, the presence of the layer in the 
unimplanted references suggest that the nanocrystalline layer can be formed during the 
production of the prosthesis component and therefore, pre-exists implantation. The 
imperfections on new, unused implants can have protective effects (e.g. troughs from 
scratches can be a reservoir for wear debris) but may influence in vivo wear processes 
after implantation (e.g. scratches may be a source of wear debris). Higher resolution 
analyses on more retrieval and reference samples are required to pinpoint the exact 
mechanism of failure in MoP hip prostheses and extend the longevity and efficacy of 
THA.  
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CHAPTER 1  
Introduction  
Total Hip Arthroplasty  

Total hip arthroplasty (THA), also known as total hip replacement (THR), is a 
surgical intervention performed to replace the debilitated hip joint of a patient with a 
multi-component prosthesis in an attempt to restore its function [1]. Total hip arthroplasty 
has evolved from being a rudimentary, experimental remedy for the most infirm patients, 
typically ending in poor long-term outcomes, to one of the most refined, effective, and 
commonly performed surgical interventions today [1]–[3]. The development of an 
artificial, biomechanical, joint that can integrate and function in the complex environment 
of living human tissue is a true feat of interdisciplinary coalition between materials 
science, mechanical engineering, and medicine [4].  

1.1 The Natural Hip Joint  
Since its introduction over a century ago, total hip arthroplasty has become the 

international standard procedure for the reparation of debilitated hip joints. A brief 
explanation of the anatomy of the hip joint is imperative to the understanding of the THA 
procedure, the conditions under which the hip prosthesis is functioning, and the 
consequences of failure.  

The natural hip joint, scientifically referred to as the acetabulofemoral joint, is a 
classic, synovial, ball-and-socket joint composed of two major articulating structures: 1) 
the acetabulum found in the distal region of the pelvic bone and 2) the femoral head, 
which is the spherical tip of the femur (Fig. 1.1A). The surface of both structures are lined 
with articular hyaline cartilage which provides a smooth surface for articulation and acts 
to absorb shock [5]. These structures are further encapsulated by membranes that secrete 
synovial fluid to nourish the cartilage and lubricate the articulating interfaces. Lastly, 
ligaments and hip flexor muscles further stabilize and facilitate mobility in the joint. The 
primary function of the hip joint is to support the weight of the torso and maintain balance 
during static and dynamic postures, such as standing or walking. Depending on the action 
performed, the hip joint can sustain loads of up to 50% body weight in patients [6]. 
Correspondingly, the location of contact zones and high loading regions on the femoral 
head and acetabulum are dependent on the magnitude, direction of load transmitted, and 
rate of loading. Consequently, impairment of the major structural components of the hip 
joint can result in severe debilitation, pain, discomfort and immobility.  

Total hip arthroplasty is an orthopaedic procedure that involves the removal of 
the degenerated cartilage and subchondral bone in the hip joint followed by the insertion 
of a prosthetic hip implant (Fig 1.1B-D). A conventional prosthesis is composed from 
three major components: a polyethylene acetabular cup (may consist of a separate 
acetabular cup and lining), a metallic femoral head component and a metallic stem 
component (Fig 1.1D). The implant is stabilized by the insertion of the stem into an 
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Figure 1.1 Illustration of hip joint anatomy and the THA procedure. A) Normal hip joint indicating 
the acetabulum and femur, two major components of the joint. B) Diseased hip joint showing arthritis of 
the articular hyaline cartilage on the femoral hard. C) Removal of the diseased femoral head and removal 
of cartilage and subchondral bone from the acetabulum. C) Insertion of the three major components of a 
hip prosthesis: metallic acetabular cup, polyethylene acetabular lining and metallic femoral head 
component http://www.nlm.nih.gov/medlineplus/hipreplacement.html.  

artificial canal in the femur of the patient. Uncemented designs are ‘press-fitted’ (i.e. the 
stem is physically inserted into a slightly smaller diameter canal in the femur) while 
cemented designs are further fixed by the use of polymethylmethacrylate (PMMA) bone 
cement [1]. 

1.2 History of Hip Arthroplasty  
The following section briefly reminisces the progression of hip arthroplasty – 

exploring the origin of joint interpositions, materials used in the first hip prostheses, 
development of hard-on-hard articulations and finally the introduction of the modern 
hard-on-soft Charnley prosthesis.  

As a result of warfare during the 1700s in Europe, amputations became 
commonplace in military hospitals, resulting in the growing demand for surgeons to 
perform joint excision procedures and soft or hard tissue joint interpositions. Although 
anecdotal cases have been recorded of patients recovering function in the operated joints, 
most long-term outcomes resulted in ankyloses (the stiffness and rigidity of the bones in 
a joint from abnormal adhesion) and/or a mortality rate of approximately 50 percent [3]. 
In the late 1800s, Czech surgeon Vitezlav Chlumsky experimented with a meticulous 
variety of soft and hard interpositional materials for hip joints including muscle, celluloid, 
silver plates, rubber, magnesium, zinc, glass, pyres, decalcified bones, and wax, many of 
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which ended disastrously, while some, such as bone, presented promising results. In the 
early 1900s, the incentive for interposition arthroplasty shifted to targeting symptoms of 
localized osteoarthritis of the hip joint. In 1937, as per a suggestion from his dentist, 
Boston surgeon Marius Smith-Petersen implanted 500 synthetic Vitallium® (65% cobalt, 
30% chromium, 5% molybdenum) hip (resurfacing) moulds throughout ten years which 
became the first predictable set of clinical results in the history of interpositional hip 
arthroplasty (Fig. 1.2A) [3] . This also marked the commencement of a new era of 
experimentation with the design of total hip arthroplasty prostheses.  

It was in 1938 when Philip Wiles performed the first hip arthroplasty using a 
stainless steel prosthesis [3], [4] (Fig 1.2B). Other early experimentations with THA 
prostheses in the 1900s included the use of ivory (Themistocles Glück, Berlin, 1891), 
glass (Marius Smith-Petersen, United States, 1886-1953), rubber (Pierre Delbet, France, 
1861-1925), and acrylic (Judet brothers, France, 1901-80 and 1905-95, respectively) (Fig. 
1.2C). Unfortunately, these materials were either prone to fracture early after 
implantation or found to be highly susceptive to wear in the patient. In 1950, Frederick 
Röeck Thompson developed a custom made Vitallium® hip prosthesis (Fig. 1.2D) which 
was first inserted into a patient by Nebraskan surgeon, Austin Moore. The fully metallic 
(cobalt-chromium-molybdenum (CoCrMo) alloy) Thompson Vitallium® prosthesis was 
the first widely distributed THA product. Shortly after, in the 1960s, English surgeon 
Kenneth McKee and Peter Ring were individually working to improve the design and 
fixture of the original Thompson metal-on-metal articulation (Fig. 1.2E). Although some 
of Ring’s early prostheses offered up to 97% survival at 17 years post implantation, his 
and McKee’s models saw a high incidence of failure resulting from loosening of the 
components [3], [4]. In the 1970s, their hard-on-hard articulation models were quickly 
dismissed in favor of the models developed by Sir John Charnley.  

Sir John Charnley, often referred to as the pioneer of modern total hip 
arthroplasty, revolutionized the design of hip prostheses with his introduction of hard-on-
soft articulations [8], [9]. His models, with slight modifications, are still in service today. 
Using his interdisciplinary knowledge in engineering, anatomy and case studies of 
patients with implanted hip prostheses, Charnley established that the increased frictional 
resistance and torque transmitted from the metallic femoral head to the socket was the 
basis for failure of the early McKee and Ring metal-on-metal articulations [3], [4], [8], 
[9]. However, his own efforts to address these issues were not without downfalls. He 
sought to design a prosthesis that more closely mimicked the anatomy of the natural hip 
joint, namely to account for the lubrication naturally provided by the articular cartilage 
and joint capsule. First, Charnley turned to the self-lubricating polytetrafluoroethylene 
(PTFE, often incorrectly referred to as Teflon®) to manufacture a synthetic articulating 
cartilage that lined the acetabulum and covered the femoral head (Fig. 1.2F). Contrary to 
his expectations, he discovered that in vivo PTFE wear rates were up to 0.5 mm per month 
and PTFE wear debris elicited an intense foreign-body reaction, but unfortunately only 
after 300 of these prostheses had already been implanted in patients. Despite his early  
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Figure 1.2 Early attempts at total hip arthroplasty prostheses. A) Smith-Peterson hip mould, 1937. B) 
Wiles’ acetabular cup and resurfacing head of femur, 1938. C) Judet brothers’ acrylic femur head-
replacement, circa 1940. D) Thompson intramedullary prosthesis, 1953. E) McKee total hip replacement, 
1956. F) Charnley prostheses. On left, PTFE acetabular cup after years of use, on right, UHMWPE cup 
after years of use [7].  

hesitation to continue due to the catastrophic failure of PTFE, Charnley was introduced 
to Ultra High Molecular Weight Polyethylene (UHMWPE, produced by Hoechst, 
Germany), a polymer with similar chemistry to PTFE. After extensive testing, the 
UHMWPE proved to have superior wear properties, low friction, and high impact 
strength [4], [8], [9]. The first UHMWPE acetabular cup was inserted in 1962 and 
Charnley’s hard-on-soft articulations proved a strong rival to the second generation of 
hard-on-hard articulations ever since (Fig. 1.2F).  
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1.3 The Modern Total Hip Arthroplasty 
 The modern THA procedure is a reliable, minimally invasive, surgical remedy for 
patients that suffer from end-stage osteoarthritis (OA) [10]–[14], hip fractures [2], [15]–
[18], or conditions that cause malfunction of the hip joint [10], [13], [14], [19], [20]. THA 
has a success rate of 10 years or longer, exceeding 95% survivorship in patients older 
than 75, effectively relieving pain and restoring function of the hip joint. Degenerative 
OA is the most prevalent form of arthritis caused by inflammation and degradation of the 
cartilage and it accounts for between 60 to 90% of primary diagnoses for THA (variable 
between different geographic populations)  [11], [21]–[23]. The rates of THA have 
steadily increased since 1996 (Fig. 1.3) and internationally, over 1 million reported 
procedures are performed each year [21], [22], [24].  

According to the National Joint Registry, of the 600 000 primary total hip 
replacement procedures documented in 2013, the median age of patients undergoing THA 
was 69 years. The increasing number of procedures is therefore largely driven by the 
increasing population of the elderly cohort; however, this is mainly an issue for economic 
burden rather than a concern for the development of implant materials and designs [25], 
[26]. The current challenge faced by researchers was well defined by Charnley during the 
early stages of THA development [27]: 

“The challenge comes when patients between 45 and 50 years of age are to be considered 
for the operation, because then every advance in technical detail must be used if there is 
to be a reasonable chance of 20 or more years of trouble free activity” – Sir John 
Charnley  

Recently, THA is emerging as a viable intervention for the treatment of etiologies causing 
hip disease in adolescents and young adults such as hip fracture, infection, congenital hip 
dysplasia (chronic dislocation cause by unstable hip joint), and juvenile idiopathic 
arthritis; especially when all non-operative treatments have been exhausted [13], [17], 
[28]–[30]. Generally, younger patients have higher expectations for faster post-surgical 
recovery, functional outcome, physical activities, and lifestyle [12], [26], [29]. This may 
result in the tendency to place higher, chronic loads on the implant, accelerating the 
failure of the hip prosthesis. The high risk of failure and poor longevity has historically 
deterred surgeons from offering this option to young patients. Efforts to prolong the 
service life of implant components are underway; they include but are not limited to, 
establishing optimal positioning of the prosthesis using computer-assisted navigation 
techniques, using more wear resistant bearing materials, using chemical and physical 
modifications to promote osseointegration, and many more [26]. Despite these 
advancements, as the demographic becomes younger, the likelihood of at least one or 
more revisions of the implant components, within the life expectancies of the patients, 
increases [30]. The rising number of THAs in young patients emphasizes the need for 
improvement in the durability and longevity of hip prostheses.  
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Figure 1.3 Rates of THA. Historical International Trends in the THA Procedure Rate from Kurtz et al. 
2010 [21][24]. 

1.4 Causes for Failure and Revision Surgery  
Despite the established successes of THA and the undeniable progression of new 

designs, there remain short term and long term complications in the process. Some of the 
leading causes of failure (and reasons for revision surgery) include: aseptic loosening, 
component wear, osteolysis and instability [21]. A study investigating reasons for THA 
revisions established that the prevailing cause for failure is aseptic loosening 
(approximately 50% of all hip revisions). Long term, progressive failure mechanisms, 
such as aseptic loosening, are often asymptomatic in the early stages but ultimately result 
in grave clinical consequences. Overall, half of revision surgeries occurred within 5 years 
of the primary THA surgery [31]. Early failures are often related to surgical technique 
(e.g. component malposition) or contamination with bacteria, therefore the predominant 
causes for failure are instability (33% out of 118 hips) and deep infection (24% out of 
118 hips) [31]. Secondary revision surgery requires the removal of the primary prosthesis 
followed by the replacement with a secondary prosthesis. Fixture and stabilization of the 
implant after the failure is typically more challenging and has less favorable clinical 
outcomes. Despite the classification for these clinical symptoms, the leading causes for 
failure/reasons for revision are not mutually exclusive and often interrelated.   

In a simplified scenario, chronic loading (e.g. 10 to 20 years) of a prosthesis can 
result in the generation and accumulation of wear particles from the articulating surfaces 
of the implant components. The particulate debris released is engulfed by macrophages 
that initiate a cellular response in the form of chronic inflammation in the surrounding 
tissues leading to the recruitment of a wide array of cell types – amongst which are the 
osteoclasts, differentiated bone cells responsible for the resorption of bone matrix. The 
active resorption of bone as a result of wear debris is known as osteolysis (Fig. 1.4A). 
The progression of tissue destruction in the peripheral regions of the implant will 
ultimately lead to detachment of the prosthesis resulting in aseptic loosening (loosening 
of the implant in the absence of a bacterial infection) (Fig. 1.4B) [32]. Therefore, the risk 
factors for failure in THA are strongly dependent on the biomechanics (i.e. positioning 
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and fit); the material selection (i.e. composition and tribology); and the biocompatibility 
of the prosthesis (i.e. immune reaction to wear debris).   

 
Figure 1.4 Wear debris-induced osteolysis. A) Schematic of osteolysis induced by the release of wear 
particles from the articulating interface of the prosthesis B) X-ray showing osteolysis and aseptic loosening 
of a THA prosthesis in a patient [33].  

1.5 Conventional THA Prosthesis Materials  
An important consideration that influences the service life of THA is the 

combination of materials that make up the bearing surface of the hip prosthesis, 
specifically the material selection for the articulating femoral head and acetabular cup. 
As mentioned previously in the history of THA, hard-on-hard articulations (e.g. metal-
on-metal (MoM) prostheses) and hard-on-soft articulations (e.g. metal-on-polyethylene 
(MoP)) constitute the two main categories of bearing couples used conventionally. 
Further subdividing these groups, the most commonly implanted bearing couples include: 
MoM, ceramic-on-ceramic (CoC), MoP, and ceramic-on-polyethylene (CoP) (Fig. 1.5) 
[21]. This section will review some of the advantages and disadvantages of the most 
widely implanted bearing couples.  

MoM articulations were reintroduced in the late 1980s to address the issues of 
polyethylene (PE) wear debris generation in the Charnley MoP bearings. These second 
generation MoM bearings manufactured from cast or wrought CoCrMo alloys promised 
a  six-fold reduction in wear rates and the generation of smaller, nanometer-sized particles 
in comparison to MoP bearings [34]. MoM bearings are lubricated in a mixed regime (full 
fluid hydrodynamic and elastrohydrodynamic) and after an initial “bedding-in” period, 
the bearing surfaces are more conformant, contact stresses are lowered, and a protective 
protein boundary layer is formed. These tribological characteristics of MoM largely 
reduce wear and contribute to the low steady state wear rate of less than 1 mm3/million 
cycles. Another advantage of MoM articulations is the flexibility in the size of the implant 
(namely the acetabular cup diameter), allowing for customization, lower rates of 
dislocation, and a larger range of motion [35]–[38]. Preliminary clinical results were 
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Figure 1.5 Bearing Surfaces for Hip Replacements, 2010-2011. N = 11 948 hip bearing surfaces [21] 

promising, restoring the popularity of MoM bearings. However, clinical studies in the 
early 2000s began to report high serum levels and periprosthetic accumulation of cobalt 
and chromium ions, metal hypersensitivity and rapidly progressing osteolysis in patients 
with second generation MoM hip implants [39]–[43]. The adverse biological reactions to 
the metal debris resulted in high rates of revision and consequently, the drastic decrease 
in the rate of implantation of MoM bearings since 2005 [21].  

Tissue reactions to wear particle generation have motivated researchers to seek 
out a more wear resistant, biocompatible material. The newest qualifying contestants, 
introduced about 40 years ago, are the prostheses containing ceramic bearing surfaces. 
Historically, Alumina (Al2O3) and Zirconia (ZrO2), were the ceramics used for THA 
prostheses in either a hard-on-hard, CoC articulation or a hard-on-soft, CoP articulation 
[44].  Ceramics as a bearing material feature, low friction; high surface wettability; fluid-
film lubrication; extremely low wear rates (up to 50 times less than conventional PE); and 
generation of few, bio-inert, nanometer-sized wear debris (up to thousands of times 
smaller than PE) [30], [45]–[47]. The outstanding tribological properties of ceramic 
prostheses limit the risks of periprosthetic osteolysis making it a promising alternative to 
MoM or MoP couplings, especially for younger recipients. The major compromise to the 
high modulus of ceramic materials is its intrinsic brittleness. Under cyclic loading, the 
hardness of the ceramic hampers plastic deformation; microscopic imperfections in the 
material increase stress, leading to the propagation of cracks [48], [49]. As a result, both 
ceramic acetabular cups and ceramic femoral heads are highly prone to catastrophic 
fractures (Fig. 1.6) [48]. Newer generation ceramics are composite materials (e.g. 
Biolox® Delta which is composed of yttria stabilized tetragonal zirconia polycrystals (Y-
TZP)) that reduce mechanical failure via crack resistance, greater fracture toughness and 
even lower wear rates [50]–[53]. Despite the introduction of three generations of 
ceramics, catastrophic failure of the ceramic components has not been entirely eliminated. 
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Moreover, meta-analysis of clinical outcomes show no superiority of the new hard-on-
hard bearing couples over MoP articulations [54], [55] and problems with osteolysis and 
aseptic loosening still exist.  

In lieu of the self-mating articulations seen in hard-on-hard prostheses, MoP 
prostheses commonly consist of an ultra-high molecular weight polyethylene 
(UHMWPE) or highly cross-linked UHMWPE (HXLPE) acetabular cup coupled to a 
CoCrMo alloy femoral head. UHMWPE is a polymer that provides reasonably low 
friction, wear resistance, and high impact strength (relative to other polymers) [9], [56]–
[59]. From a clinical perspective, polyethylene acetabular cups coupled to metallic 
ceramic femoral heads are the most conservative material choice for THA due to its 
predictable, long-term, clinical performance. Yet, aseptic loosening resulting from PE 
and metallic wear debris remains an obstacle to the efficacy and service life of MoP 
articulations. The complex microstructure of UHMWPE and consequently, its 
mechanical properties can be controlled by processing, thermal and radiation exposure, 
sterilization and storage. Over the past few decades, enhancements to improve the wear 
resistance of conventional UHMWPE has been underway, starting with crosslinking by 
sterilization with gamma irradation (20-33 kGy) [60]–[63], chemical-induced 
crosslinking using a free-radical-generating chemical, and silane compound-induced 
crosslinking [64]. Hip simulator and short term clinical studies (2 to 5 years follow-up)  
of HXLPE have demonstrated an improvement in volumetric wear rates, however, long 
term clinical results are required to to validate whether HXLPE is a better alternative for 
UHMWPE [63].  

 
Figure 1.6 Catastrophic failure of ceramic THA prostheses. A) Preoperative radiograph showing 
catastrophic failure of a ceramic liner. B) The retrieved ceramic head grossly damaged because of contact 
with metal back. C) Retrieved fractured ceramic liner. D) Postoperative radiograph after cup revision and 
bearing surfaces exchange to MoM coupling [48].  

Co28Cr6Mo is the most commonly used alloy for the femoral head of MoP 
articulations (and MoM articulations) due to its favorable wear properties and corrosion 
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resistance. The CoCrMo alloy may also contain traces of nickel, manganese or iron. There 
are two different manufacturing methods, that create two chemically identical cobalt 
alloys, with different mechanical properties – wrought (ISO 5832-12, ASTM F1537) and 
cast (ISO 5832-4, ASTM F75) alloys. The materials can be further classified as low 
carbon (lc < 0.15%) and high carbon (hc ≥ 0.15%), however the classification of carbon 
content is typically defined within a range (e.g. low carbon is between 0 – 0.14%). The 
carbon content can have effects on the metallurgical properties and microstructure of the 
resultant alloy. Wrought alloys have a grain size of 15 – 20 µm and in low carbon content 
alloys, are monophasic and purely austenitic (face-centered cubic). Increases in carbon 
content give rise to chromium and molybdenum carbides that cover 5% of the alloy 
surface area. Under loading, stress-induced face-centered cubic to hexagonal close 
packed martensitic transformation occurs, hardening the material and improving 
tribological properties. Cast alloys on the other hand, have a much coarser microstructure 
than wrought alloys with a grain size of 2 000 µm. The size of carbides is about one order 
of magnitude larger than the carbides found in wrought alloys and the size and number 
increases with increasing carbon content. The microstructure of cast alloys often exhibit 
pores or holes, resulting in reduced mechanical properties. Closure of these porosities in 
“as cast” (i.e. non heat-treated) components can be achieved by hot isostatic pressing and 
solution annealing. Heat treatment markedly reduces carbide content and can cause the 
block M7C3-type carbides to dissolve, leading to the formation of M7C3-type carbides 
[65]–[67].   

 Wear particle generation, even in the more robust bearing combinations, 
emphasizes that wear is inevitable at the articulating interface. Therefore tribological 
investigations, such as friction, lubrication and wear, of the articulating system are 
paramount in the understanding of failure mechanisms. The development of new, 
alternative materials have significantly lowered volumetric wear rates, but paradoxically, 
the number of wear particles produced have also increased 100-fold [68]–[71]. 
Furthermore, the nanometer-sized particles generated from the new bearing materials 
introduce novel issues such as elevated bioreactivty and the dispersion of particles to 
systemic tissues via the blood stream [63]. In the case of PE, the  critical size range 
between 0.3 – 10 µm was found to be the most biologically active, as the particles could 
be phagocytosed by macrophages [71].  In addition, the reduced size of the particles 
increases available surface area for corrosion processes to occur [71]. The overall 
performance of the bearing couples in the complex physiological environment of the hip 
joint is dependent not only on the volumetric wear rates but also on the size and 
morphology of the wear debris generated.  

The adverse physiological reactions to wear particles highlight the importance of 
meticulous and physiologically relevant investigations of the failure mechanisms – from 
the macroscopic to the microscopic level. An understanding of wear processes requires 
the correlation between surface tribology and subsurface microstructural changes. As a 
result of catastrophic failures, extensive research was performed for MoM articulations. 
Researchers have found that the predominant wear mechanisms at the MoM prosthesis 
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interface include abrasion, surface fatigue, and tribochemical reactions [69], [72]–[74]. 
As mentioned previously, the observation of a protective boundary layer (aka. tribological 
layer) is thought to serve as a lubricating barrier to reduce direct contact between the 
surfaces and thus minimize the effects of adhesive wear [72]. However, the mechanism 
of formation and precise composition of this layer is highly controversial and remains 
inconclusive. There is a large enrichment of carbon in the layer suggesting that its origin 
is organic and protein derived [75]. However, the use of transmission electron microscopy 
(TEM) and electron energy loss spectroscopy (EELS) has found that the layer may be 
graphitic in nature and therefore not entirely biological [76], [77]. The knowledge 
acquired from research on MoM hip implants is a foundation for the understanding wear 
mechanisms that may similarly drive the failure of other bearing combinations.  
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Research Motivation  
MoP THA protheses are the most reliably implanted bearing combinations, 

rivaling the clinical performance of many alternatives for over half a century. In light of 
MoP articulations, the modern focus of research is on modifications to the polymeric 
counterpart, with aims to reduce the release of PE wear debris [78]–[80]. Abrasion of the 
UHMWPE acetabular cup against the CoCrMo femoral head during articulation is the 
primary mechanism for the generation of PE wear debris in vivo [70]. High blood metal 
ion levels (cobalt or chromium) are not unheard of in patients with MoP hip implants, 
however, the resultant adverse physiological reaction is consistently attributed to the 
corrosion at nonarticulating junctions of the prosthesis (e.g. the tapered stem or bone 
screws) [81]. Presumably, wear of the metallic femoral component is also likely to occur; 
at which stage it could act to exacerbate the wear on the PE counterpart and facilitate 
third-body abrasion back onto the metallic surface. The extensive investigations of wear 
on MoM CoCrMo components, although relevant, may not be entirely generalizable to 
the CoCrMo femoral head component in MoP hip prostheses since they operate under 
unique lubrication regimes. Consequently, the analysis of wear on the metallic component 
of MoP articulations cannot be overlooked. 

The objective of this research is to examine the surface wear, tribological layer 
and subsurface microstructure of MoP THA prostheses using advanced electron 
microscopy techniques. The analysis of failed MoP hip implant retrievals in conjunction 
with unused manufacturer references, will provide physiologically relevant insight on in 
vivo conditions and account for manufacturing by-products that preexist implantation. 
Moreover, the results will be compared to previous studies on MoM articulations to help 
elucidate common, as well as unique wear mechanisms in each system. Logically, it is 
hypothesized that the femoral head retrieval samples will reveal greater surface and 
subsurface damage such as scratches and/or changes in the subsurface microstructure as 
a result of in vivo articulations in comparison to the reference samples. Furthermore, it is 
hypothesized that although many aspects of wear on the metallic surface will be similar 
between MoP and MoM articulations, the contributions of the UHMWPE may influence 
the depth of the scratches, the lubrication, the formation of a boundary tribological layer 
and changes in the subsurface microstructure. To prevent the recurrence of past 
catastrophic failures, the ambitious endeavors to develop superior, alternative prosthetic 
materials must be accompanied by vigorous clinically-relevant testing of the new material 
in combination to the comprehensive understanding of how a conventional model, such 
as MoP, may wear.  

Summary of Research Objectives:  
 Examine surface and subsurface features of MoP THA prostheses using electron 

microscopy techniques.   
 Compare results between references and retrievals to differentiate the effects of 

manufacturing and in vivo wear and compare results from this study to research 
on MoM THA prostheses to elucidate the difference between the two systems.   
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CHAPTER 2  
Experimental Methods  
2.1 Samples and Sample Preparation  

The samples investigated consists of several CoCrMo femoral head components 
and one UHMWPE acetabular cup from MoP hip implants. All samples were provided 
courtesy of collaborators from Uppsala University and Uppsala University Hospital, 
Sweden. Three of the samples consisted of retrieved CoCrMo femoral head components 
implanted for a duration of between 2 to 15 years (Fig. 2.1A, B). All retrieved samples 
were removed for a primary revision surgery and the reasons for removal were due to 
instability or aseptic loosening and wear. The two reference samples consisted of a new, 
unimplanted wrought CoCrMo femoral head (reference sample looks like photograph in 
Fig. 2.1A) and a cast CoCrMo puck (Fig. 2.1C) manufactured using the same process as 
the femoral head components. Lastly, one UHMWPE acetabular cup component (Fig. 
2.1D) was also examined. Detailed information on the samples are summarized in Table 
1 and photographs of samples are in Figure 2.1.   
 
Table 2.1 Detailed information on samples.    

After retrieval from the patient, the metallic samples were ultrasonically cleaned 
in detergent solution (UltraClean TopDent, Upplands-Väsby, Sweden) for multiple 15 
min. cycles until proper sterilization was achieved. The detergent dissolves bone cement, 
protein, blood, residue, and fat. The reference samples were cleaned in the same manner. 
Following this step, the samples were ultrasonically cleaned in ethanol.  

 

Implants Patient 

Sample 
 

Implant 
compon

ent 

Size 
(mm) Material Manufa

cturer 

Duration 
in vivo 
(years) 

Sex Weight 
(kg) 

Height 
(cm) 

Reason 
for 

Removal 

Retrieval 
1 

Femoral 
head d=28 

Wrought 
CoCrMo 

(ASTM 1537) 

Link 
/Lubinus 2 F 69 163 Instability 

Retrieval 
2 

Femoral 
head d=28 Cast CoCrMo 

(ASTM F-75) 
Protek 
/Cone 15 F 50 160 

Aseptic 
loosening/

wear 

Retrieval 
3 

Femoral 
head 28 Cast CoCrMo N/A 15 F 62 156 

Aseptic 
loosening/

wear 

Retrieval 
4 PE liner broken 

pieces 

UHMWPE 
(quality 

unknown) 
Muller 28 M 75 172 

Aseptic 
loosening/

wear 

Reference 
1 

Femoral 
head d=28 

Wrought 
CoCrMo 

(ASTM 1537) 
Zimmer - - - - - 

Reference 
2 Puck d=30, 

h=10 
Cast CoCrMo 
(ASTM F-75) Sandvik - - - - - 
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Figure 2.1 Photographs of samples. A) Explant 1, CoCrMo femoral head (Explant 2 and Reference 1 
look identical in photographs). B) Explant 3, CoCrMo femoral head. C) Reference 2, CoCrMo puck. D) 
Explant 4, UHMWPE acetabular cup fragments. E) Explant 1, after EDM cutting. SM is the superior medial 
region and L is the lateral region F) Explant 3, after EDM cutting. L is the lateral region.   

Upon arrival at McMaster University, the metallic samples were rinsed with 
detergent for 5 min., washed with distilled water, ultrasonically washed in acetone for 5 
min., ultrasonically washed in methanol for 5 min. and allowed to air dry. Then the 
samples were cut using electrical discharge machining (EDM) in the transverse plane to 
minimize the size of the samples (approximately 16 mm diameter by 4 mm height, Fig. 
2.1E, F) for insertion into the auger electron spectroscopy (AES) microscope sample 
holder. The cutting also allowed for stabilization of the sample during higher tilt angles 
in the focused ion beam (FIB) microscope. The superior, medial region of the samples 
were coated with nail lacquer to protect the surface from damage in the EDM process. To 
remove contamination from the EDM process and reduce charging prior insertion into 
the focused ion beam (FIB), samples were ultrasonically washed in acetone for 5 min., 
ultrasonically washed in methanol for 5 min. and allowed to air dry. For further analysis 
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using transmission electron microscopy (TEM), the superior, medial region of the femoral 
head samples were analyzed to maintain consistency in the investigated areas of interest 
since in vivo loading conditions were uncertain and likely inconsistent between samples. 
The base of the sample remaining from the cut was used for analysis of bulk 
microstructure using etchants, light microscopy (LM) and scanning electron microscopy 
(SEM).  

 The UHMWPE acetabular cup was sterilized and desiccated at Uppsala 
University. Smaller sections of the sample were removed at McMaster University with a 
small hand-held saw to ease mounting of the sample and reduce effects of curvature of 
the sample in the SEM. Prior to examination in the electron microscopes to prevent 
charging effects, the surface of the PE sample was either coated in a protective layer of 
gold or carbon.  

2.2 Ultramicrotomy 
In addition to FIB preparation of the UHMWPE sample for TEM, the UHMWPE 

was ultramicrotomed using a diamond knife. Four preparations of the UHMWPE were 
examined: 1) unstained UHMWPE sample, 2) pre-staining with chlorosulphonic acid, 3) 
post-staining with uranyl acetate and 4) pre-staining with chlorosulphonic acid in 
combination to post-staining with uranyl acetate. A small piece of the UHMWPE retrieval 
(approximately 3 mm by 10mm) was stained using chlorosulphonic acid (99% 
concentration) for 6 hours. The chlorosulphonic acid stains crosslinks and stabilizes the 
amorphous regions of the UHMWPE. After the acid staining, the UHMWPE sample was 
rinsed with acetone then distilled water to remove excess stain. The sample was then 
allowed to dry at room temperature. The samples were then embedded in epoxy resin and 
cured at 60° for 24 hours.  Post-staining of the UHMWPE sample to enhance contrast 
prior to TEM consisted of staining with 0.2% aqueous solution of uranyl acetate for 3 
hours. Cryo-ultramicrotomy was also attempted to decrease the fragility of the sample 
during sectioning however, the edges of the sample continued to curl under and did not 
maintain the integrity of the sample at the surface.   

2.3 Scanning Electron Microscopy 
To examine surface characteristics, all samples were investigated using the JEOL 

JSM-6610LV (JEOL, Japan) tungsten filament SEM. The microscope was operated at 
accelerating voltages between 2 keV to 15 keV and beam currents of 40 to 60 pA 
depending on the sample and the characteristics of interest. The secondary electron 
imaging (SEI) mode and back-scattered electron (BSE) imaging mode were 
simultaneously used to analyze surface topography and elemental compositional contrast. 
Energy dispersive X-ray spectroscopy (EDS) analysis was also used to perform point 
identifications, line-scans and elemental mapping on the surface of the samples.  

For analysis of the UHMWPE sample (Explant 4), to prevent beam damage on 
the sample, either lower accelerating voltages in high vacuum were used or higher 
accelerating voltages in low vacuum were used. EDS analysis on this sample was also 
done at higher magnifications to search for micron-sized wear particles on the surface.  
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2.4 Auger Electron Spectroscopy  
Auger electron spectroscopy (AES) on a JEOL JAMP 9500F (JEOL, Japan) Field 

Emission Auger Microprobe was used to perform depth profiling on the surface of the 
metallic samples to characterize the potential presence of a tribological layer. Depth 
profiling conditions were at 10 keV, 50nA, 0.75 eV step size, 5 sweeps and 100 ms dwell 
time. The estimated sputtering rate was 30 nm/min as extrapolated from the JEOL JAMP-
9500 Instruction Manual Appendix 9: Ion Beam Etch and Sputtering Rate. The sputtering 
rate of CoCrMo was estimated using the approximate average of sputtering rates of CoCr 
and Mo.  

2.5 Focused Ion Beam  
To isolate specific sites of interest (such as under scratches) for cross-sectional 

examination of subsurface microstructure using the transmission electron microscope 
(TEM), conventional focused ion beam (FIB) milling procedures were performed using 
the Zeiss NVision 40 (Carl Zeiss, Germany) FIB SEM (equipped with a Schottky Field 
Emission Gun). Regions of interest on the CoCrMo reference samples were selected 
based on scratches present as a result of the manufacturing process. Regions of interest 
on the CoCrMo explants were selected based on locations where deeper, nonlinear 
scratches, which are suggestive of in vivo wear, were present and if possible, the 
simultaneous presence of what appeared to be a residual tribological layer on the surface. 
A protective layer of carbon (approximately 1 to 2 µm thick) followed by a thin layer of 
tungsten was deposited over areas of interest to prevent ion beam damage from the bulk 
milling procedure. Trenches were milled around the area of interest using a 30 keV beam 
of Ga+ ions. The lamella was then milled to detach it from the bulk sample, lifted out by 
a micromanipulator, attached onto a copper grid and thinned to electron transparency with 
a 10 keV beam. Two cross-section TEM samples were prepared for Explants 2 and 3 and 
one cross-section TEM sample was examined for all other samples. A TEM sample was 
also prepared for Explant 4 (UHMWPE sample) and the area of interest was chosen over 
a relatively flat surface since the thin pieces of flaky polymer were easily damaged under 
the beam (Fig. 2.2).   

2.6 Transmission Electron Microscopy 
Transmission Electron microscopy was used to examine the subsurface 

microstructure and chemical composition of all samples. A Philips CM12 (FEI, The 
Netherlands) with LaB6 filament (120 keV) was used for preliminary imaging of 
subsurface microstructure. A JEOL 2010F (JEOL, Japan) field emission TEM/STEM was 
operated at 200 keV for EDS mapping and bright-field scanning transmission electron 
microscopy (STEM) of all samples. A FEI Titan 80-300HB (FEI, The Netherlands) 
operated at 300 keV was used for electron energy loss spectroscopy (EELS) analysis of 
the tribological layer on Retrieval 3.  
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Figure 2.2 Focused ion beam preparation of TEM samples. A) Example of area selection for Reference 
1 over shallow manufacturing-induced scratches. B) Example of area selection for Explant 2 over deeper 
irregular scratches. C) Areas of interest are coated with a protective layer of carbon and tungsten. D) 
Trenches around the area of interest are milled using the Ga+ ion beam. E) A micromanipulator is used to 
extract the TEM sample and attach it onto a TEM grid. F) TEM sample is then thinned to electron 
transparency for the TEM.   
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CHAPTER 3  
Results and Discussion: Surface Characterization  
Surface Characterization  

At first glance with the unaided eye, the CoCrMo femoral heads (retrievals and 
references) appeared to be polished to a mirror finish (Fig. 2.1). However, at the micro- 
and nanoscopic level (light microscopy and electron microscopy), many imperfections 
were observed on the surface of unused references and retrievals alike. To maintain 
consistency, the majority of investigated sites were chosen on the superior, medial region 
of the metallic samples since in vivo loading conditions on the retrievals were unknown 
and likely variable between patients (Fig. 2.1E, F). 

3.1 Scratches    
  In the SEM, even at low magnifications, scratches were clearly visible on the 
surface of the reference and retrieval samples. The scratch patterns on the unused 
reference samples (Fig. 3.1A, B and Fig. 3.2A, B) consisted of shallow, straight, parallel 
and/or perpendicular scratches. In comparison, the surface of the retrievals (Fig. 3.1C, D 
and Fig 3.2C – F) were more highly worn and consisted of more abundant, deeper and 
non-linear scratches in addition to the shallow, uniform scratches seen in the reference 
samples. Notably, the abundance of scratches on Retrieval 1 was much less than on 
Retrievals 2 and 3. This may be attributed to the duration of time the prosthesis was in 
service, Retrieval 1 was implanted for a much shorter length of time compared to the 
other two prostheses (Table 1). Also, the distribution of scratches on the retrievals is 
greater on the lateral regions of the samples compared to the top (Fig. 2.1E), as observed 
with SEM. Complementary VSI analysis (performed by a collaborating researcher) on 
the lateral regions and tops of the same samples revealed that scratches were more 
prevalent on the sides and that the approximate range of scratch depths were up to 150 
nm on the retrievals while the maximum depth on the reference samples was 60 nm [82].   

The reference samples have not been implanted and thus imperfections present on 
the surface were likely formed during the proprietary manufacturing processes. 
Additionally, imperfections observed on the surface of the reference samples are 
presumably representative of similar imperfections found on general prostheses prior to 
implantation in patients. Therefore, the surface wear on the retrieved samples can be 
attributed to both the manufacturing process and in vivo conditions in the patient body. 
The shallow, uniform scratches present on both the reference and retrieval samples are 
suggestive of single-cycle deformation abrasive wear modes (e.g. mechanical polishing 
step of the manufacturing procedure) [83], [84]. Conversely, the deeper, nonlinear 
individual scratches may be suggestive of third-body abrasive wear modes (e.g. torn off 
metallic particles in between the articulating space of the implant components)  [70], [83] 
while the more abundant, complex wear scars and cracks may be a result of repeated-
cycle deformation wear mechanisms [83], [84]. The pre-existing scratches observed on 
the references may have an influence on the wear modes and tribochemical reactions in  
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Figure 3.1 SEM of the surface of wrought femoral head samples. A) and B) SEI and BEC micrographs, 
respectively, of the surface of Reference 1. Scratches are shallow, linear and uniform. C) and D) SEI and  
BEC micrographs, respectively, of the surface of Retrieval 1. Deeper, more abundant, irregular scratches 
are visible on the surface.   

the mechanical and biochemical environment of the in vivo joint such as exacerbating 
abrasive wear on the articulating interface of the UHMWPE acetabular component or 
acting as a reservoir for wear particles [85]. Furthermore, pre-existing scratches and 
scratches formed during in vivo wear may have an effect on the shape, size and quantity 
of wear debris (polyethylene as well as metallic wear particles) generated. Presumably, 
scratches due to in vivo wear will be more abundant in high contact zones (such as on the 
lateral sides of the prostheses) and areas that endure the greatest loads leading to greater 
contact pressures. Therefore the discussion pertaining to scratches observed in this study 
(only on superior, medial regions of the samples) may be an underestimation of the extent 
of scratch morphology and abundance over the entire surface of the implant.   
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Figure 3.2 SEM of the surface of cast femoral head samples. A) and B) SEI and BEC micrographs, 
respectively, of the surface of Reference 2. Scratches are shallow, linear and uniform. Arrow pointing to a 
carbide on the surface. C) and D) SEI and BEC micrographs, respectively, of the surface of Retrieval 2. 
Deeper, more abundant, irregular scratches on the surface. The arrow points to a hard phase more easily 
identified in the BEC micrograph (D). E) and F) SEI and BEC micrographs, respectively, of the surface of 
Retrieval 3. Deeper, more abundant, irregular scratches on the surface. The arrowhead points to a hard 
phase more easily identified in the BEC micrograph (D). 

3.2 Hard Phases/Carbides  
 In addition to scratches, a consistent distribution of hard phases (phases in the 
bulk microstructure of CoCrMo alloys) were visible on the surface of the cast samples. 
No hard phases were identified on the surface of the wrought samples (Reference 1 and 
Retrieval 1), however, hard phases in lower concentrations have been reported in wrought 
CoCrMo alloys [86]. Hard phases were easily identified using SEM and they appeared as 
areas where scratches became discontinuous and in BEC mode the hard phases had a 
different contrast from the bulk material due to differences in chemical composition. The 
hard phases present on cast Reference 2 (Fig. 3.2B, arrow) had a different composition 
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and morphology from the hard phases observed on Retrieval 2 and Retrieval 3 (Fig. 3.2D, 
F arrows and arrowheads, respectively). The Reference 2 hard phases appeared as clusters 
of smaller phases approximately 50 – 100 µm across whereas the hard phases on the cast 
retrievals appeared as individual structures ranging from 5 to 50 µm in length.   

 Chemical compositional analysis using EDS line-scans in the SEM (Fig. 3.3) 
showed that the Reference 2 hard phases had an enrichment of Cr, Mo, slight increases 
in Mn and C and a deficiency of Co (Fig. 3.3A, B). The hard phases on the retrievals also 
had slightly varying chemical composition profiles: the hard phases on Retrieval 2 were 
enriched with Cr, Mo, had small increases in Si, and C and were depleted of Co (Fig. 
3.3C, D); whereas the hard phases on Retrieval 3 were enriched with Mo, Si, smaller 
increases of Cr and small decreases of Co (Fig. 3.3E, F). The peaks on the line-scan 
graphs over areas of the hard phases suggest that these hard phases are heterogeneous in 
composition, this observation is especially pronounced in the hard phases of Retrieval 3 
(Fig. 3.3E, F).  

Cast and wrought CoCrMo alloys complying with the ASTM F-75 or F-1537 
standards, respectively are composed of 58.9 – 69.5 wt% Co, 27.0 – 30.0 wt% Cr, 5.0 – 
7.0 wt% Mo and have up to 0.35 wt% carbon, incorporated as carbides [77], [86]. There 
are two category of cast CoCrMo alloys, the high-carbon alloy (carbon content of 0.05 – 
0.35 wt% compared to <0.05 wt% for low-carbon alloys) contain a high number of 
carbide hard phases. The three types of known carbide structures are the homogenous 
M23C6-type (M=Cr, Mo, Co) and M6C-type and the mixed-phase M23C6-type carbides. 
The former two are homogenous carbides formed via eutectic solidification or 
precipitation processes whereas the heterogeneous carbides are formed during slow 
cooling rates of approximately 0.2°C/s (compared to 50°C/s that leads to single phase 
carbide formation). Although carbides are also found in wrought CoCrMo alloys, they 
are largely homogenous M23C6-type structures due to repeated heating and deformation 
steps during manufacturing [86]–[88]. It has been reported that interdendritic M23C6 

carbides transition to M6C carbides under solution-annealing at 1230 °C for 0.25h, and 
longer annealing times may completely dissolve M23C6 carbides into the matrix [89]. 
Therefore the variation in carbides between the cast reference sample and the retrievals 
may be attributable to a difference in solution-annealing times. In addition to varying 
composition, carbides of different morphologies have been reported such as small 
spherical discontinuous island-like carbides, continuous carbide films, or blocky and 
elongated structures. The carbides found in wrought alloys range from 1 – 5 µm whereas 
carbides on cast alloys are up to ~50 µm in length. Carbides have a significant effect on 
the overall mechanical behaviour and strength of the alloy. The different carbides have 
been observed either at grain boundaries or in interdendritic regions of the material. In 
general, fine carbide precipitates found within grains act to strengthen the alloy whereas 
coarse carbide precipitates at grain boundaries act to embrittle the material [86].  
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Figure 3.3 EDS line-scans of carbides on cast samples. Yellow lines (A, C, E) indicate the area through 
which the graph was generated. A) and B) BEC micrograph and EDS line-scan of Reference 2 hard phase. 
C) and D) BEC micrograph and EDS line-scan of Retrieval 2 hard phase. E) and F) BEC micrograph and 
EDS line-scan of Retrieval 3 hard phase.   

In the tribological system of an in vivo articulating hip prosthesis, due to their 
hardness, carbides in the metallic component serve as contact asperities that carry load 
during sliding. The surface roughness (Ra) measurements, using an optical profiler (VSI), 
of the same samples showed that the carbides on Reference 2 protruded up to 0.1 µm in 
height from the bulk material and the carbides on Retrieval 2 and Retrieval 3 protruded 
up to 0.7 µm in height [82]. Once again, the height of carbides was more pronounced on 
the sides of the femoral heads compared to the top. The higher hardness and raised height 
of the carbide structures will likely exacerbate abrasion on the UHMWPE surface. 
Furthermore, Wimmer et al. (2001) [72] have shown that under high local contact 
stresses, carbides can be torn off or removed, inducing surface fatigue by leaving 
indentations and potentially lead to third body abrasion. Furthermore, in the comparison 
of single-phase and multi-phase carbides, Liao et al. (2012) showed that the phase 
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boundaries within multi-phase carbides in cast samples are sources of crack propagation 
and fractures after 5 million cycles in a simulator test. However, no discernible fractures 
were observed in the single-phase carbides in the wrought alloy. The presence of hard 
phases and carbon content also has an effect on the passivity of the alloy. The preferential 
metallic dissolution at hard phase boundaries depletes the metal matrix in Cr and Co, thus 
hindering the availability of Cr to form an oxide film [90]. While single-phase hard phases 
tend to strengthen the alloy material, multi-phase hard phases can encourage abrasive 
wear and surface wear on the UHMWPE counter-interface as well as on the metallic 
surface itself. Further tribochemical consequences such as the effect on wear particle 
generation from hard phases, will be discussed in the subsurface discussions of hard 
phases later in the Results and Discussion.  

3.3 Tribological Layer  
 At lower accelerating voltages (e.g. 5 – 10 keV) in SEI mode, a residual layer was 
evident on the surface of Retrievals 2 and 3 (Fig. 3.2 C, E). The layer consists of darker 
and brighter areas and appears to cover the consistently distributed hard phases (Fig. 3.2 
D, F). This residual layer was only observed to a slight extent on Retrieval 1 (perhaps due 
to the short duration of implantation prior to failure) and was not observed on the 
References although all samples were generally cleaned the same way. To investigate and 
characterize this layer, AES was employed due to its low interaction volume and surface 
sensitivity.   

 Points of interest on the surface of all samples analyzed using AES are presented 
in Figure 3.4. For Reference 1, the slightly darker patch (+2) compared to the bulk area 
(+1) showed a slight increase of C composition (Fig. 3.4 A). In addition there was 20 – 
30% O on the two areas suggesting the presence of an oxide layer (Fig. 3.4 A). On the 
surface of Retrieval 1 there were areas of darker and brighter patches as mentioned above 
as characteristic of the ‘residual layer’ (Fig. 3.4 B). The darker area (+2) had a greater 
composition of C compared to the bulk area (+1) whereas the brighter area (+3) 
corresponded to a slightly greater amount of Cr.  

 Predictably, there was a lack of an evident residual surface layer on the 
cast Reference 2 sample (Fig. 3.5A), however, comparing the elemental composition 
between the hard phase (+1) and the bulk material (+2), the hard phase had higher 
amounts of C, O, Cr, Mo and a lower amount of Co. These values were consistent with 
the previously discussed SEM EDS line-scan profile of a Reference 2 carbide (Fig. 3.3A, 
B). For cast Retrieval 2, the point spectra were taken over areas with deep scratches (Fig 
3.5B, asterix (*)) however the results were not notably different from the bulk and 
therefore not displayed in the figure (Fig. 3.5B). The hard phase (+2) compared to the 
bulk (+1) was slightly more abundant in C, Cr, had a greater increase in Mo, Si and a 
depletion of O and Co, again consistent with previous SEM EDS results. The brighter 
area (+3) of Retrieval 2 compared to the bulk had a decrease in C and O but had a slight 
increase in the amounts of Cr, Mo, and Si (Fig. 3.5C). The darker area (+4) on Retrieval 
2 had greater amounts of O and Si compared to the bulk area (Fig. 3.5C). Lastly, on 
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Retrieval 3, compared to the bulk, the hard phase (+2) had an increase in C, O, Mo and a 
decrease in Co, and a slight decrease in Cr, these results are similar to those obtained in 
the SEM EDS line-scans. The brighter area (+3) had a greater amount of Co and the 
darker area (+4) had a much greater amount of C (Fig. 3.5D).  

 
Figure 3.4 AES point analysis of wrought samples. The numbers (e.g. +1, +2, +3) indicate points at 
which compositional analysis was taken. The bulk areas correspond to areas where the contrast is 
representative of the majority of the surface. Elemental compositions at the points of interest are presented 
in atomic percentage (at%) in the table below. The highlighted values are increases in elemental 
composition in comparison to the bulk values. The detection limit for EDS is approximately ±0.5 at%. The 
highlighted values are increases in elemental composition in comparison to the bulk values. 

Overall, it appears that brighter areas in the surface layer corresponded to an 
abundance of Cr, Mo, or Co and the darker areas generally corresponded to an abundance 
of C or O. The relative abundance of elements in the hard phases of the cast samples 
corresponded well to the relative elemental compositions from the SEM EDS line-scans.  
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Figure 3.5 AES point analysis of cast samples. The numbers (e.g. +1, +2, +3) indicate points at which 
compositional analysis was taken. The bulk areas correspond to areas where the contrast is representative 
of the majority of the surface. B) * point spectra were taken over scratches however the compositions were 
not notably different from the bulk material, therefore not included in the table. Elemental compositions at 
the points of interest are presented in atomic percentage (at%) in the table below. The highlighted values 
are increases in elemental composition in comparison to the bulk values. The detection limit for EDS is 
approximately ±0.5 at%. 

To further examine the thickness and elemental depth profile of this residual layer, 
AES sputtering depth profiles were obtained for sites of interest on the sample. The 
estimated sputtering depth rate was 30 nm/min for CoCrMo alloys. In the wrought 
samples (Fig. 3.6), the depth profiles were not significantly different between Reference 
1 and two areas selected on Retrieval 1 (Fig. 3.6 B, +1, +2). Compared to the reference 
and the bulk area (+1) on Retrieval 1, the region that likely corresponded to the residual 
surface layer (+2) on Retrieval 1 had a higher composition of C (~70%) within 0.08 min 
(2 – 3 nm) of sputtering. However, this region did not appear darker, rather it appeared 
brighter compared to the bulk region. The carbon is depleted after approximately 0.33 
min for Reference 1 (~10 nm according to the estimated sputtering depth rate of 30 
nm/min), 0.33 min for Retrieval 1 (+1) (~10 nm), and approximately 0.50 min for the 
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residual layer region for Retrieval 1 (+2) (~15 nm). Overall, the thickness of the carbon 
layer as measured by AES in the wrought samples is approximately 10-15 nm. The depth 
profiles for the wrought samples were not significantly different from one another and 
thus suggests that if there is a residual surface layer containing large amounts of carbon, 
it is not more than a few nanometers thicker than the carbon layer present on the reference. 
This further suggests that the generation of the tribological layer may require in vivo 
durations of greater than 2 years.  

 
Figure 3.6 AES depth profiling of wrought samples. A) and B) SEM micrographs of Reference 1 and 
Retrieval 1, respectively, showing the areas of interest where the depth profiles were acquired and 
corresponding depth profile graphs. The estimated sputtering depth rate for CoCrMo is 30nm/min.     

For the cast samples (Fig. 3.7), the depth profiles varied slightly more than the 
depth profiles of the wrought samples. The depth profiles for the two reference samples 
were relatively similar, with an initial carbon composition of about 40 at% (Fig. 3.6 A, 
+1 and Fig. 3.7 A, +1). A depth profile of a hard phase in Reference 2 (Fig. 3.7 A, +2), 
showed that the hard phase continued deeper into the subsurface material and the 
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composition was relatively homogenous throughout the thickness of the structure. The 
depth profiles of Retrieval 2 showed high amounts of O, and contrary to the references 
and the other retrievals, it had lower amounts of C (<30 at%) (Fig. 3.7 B). The depletion 
of C for the bulk area of Retrieval 2 (+1) occurred at approximately 0.33 min (~10 nm) 
and the depletion of C for the brighter area of Retrieval 2 (+2) occurred at approximately 
0.58 min (~17 nm). The O layer in the brighter area (Fig. 3.7 B, +2) is approximately 10 
nm thick. Lastly, the C composition on the surface of Retrieval 3 was the highest amongst 
all samples (~90 at%) (Fig. 3.7 C, +1, +2). The carbon layers for both points of interest 
were also the thickest of all the samples and C was depleted at around 1 min (~30 nm).   

As the cast retrievals were implanted for longer durations in comparison to the 
wrought retrieval, they may have naturally accumulated a thicker residual layer. 
However, the area examined for Retrieval 2 appeared to contain lower than predicted 
amounts of carbon, which may be attributable to the extensive cleaning procedures after 
EDM cutting of the sample prior to examination in the AES. However, the surface of 
Retrieval 3 was the less disturbed compared to Retrieval 2 and showed notably larger 
quantities of carbon than the reference samples. The two depth profiles (Fig. 3.7 C, +1, 
+2) were fairly similar and this may be attributed to the residual layer extending over the 
entire surface of the surveyed area. In other words, the “bulk” area of interest contained 
the residual layer.   

 
Figure 3.7 AES depth profiling of cast samples. A) to C) SEM micrographs of Reference 2, Retrieval 2 
and Retrieval 3, respectively, showing the areas of interest where the depth profiles were acquired and 
corresponding depth profile graphs. The estimated sputtering depth rate for CoCrMo is 30nm/min.   
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As the cast retrievals were implanted for longer durations in comparison to the 
wrought retrieval, they may have naturally accumulated a thicker residual layer. 
However, the area examined for Retrieval 2 appeared to contain lower than predicted 
amounts of carbon, which may be attributable to the extensive cleaning procedures after 
EDM cutting of the sample prior to examination in the AES. However, the surface of 
Retrieval 3 was the less disturbed compared to Retrieval 2 and showed notably larger 
quantities of carbon than the reference samples. The two depth profiles (Fig. 3.7 C, +1, 
+2) were fairly similar and this may be attributed to the residual layer extending over the 
entire surface of the surveyed area. In other words, the “bulk” area of interest contained 
the residual layer.   

The approximate thickness of the residual layers, as correlated with the depletion 
of carbon or oxygen, was approximately 10 nm for the reference samples and between 10 
– 30 nm for the retrievals. It should be noted that the thickness was estimated according 
to the approximate sputtering depth rate of the CoCrMo alloy, 30 nm/min [91]. However, 
this may be an underestimation since AES sputtering rates of the carbon-rich layer are 
likely faster than the pure metallic sample. A more reliable estimate of the sputtering 
depth rate and correspondingly, the sputtering depth, would require the use of proper 
standards which may be difficult in the case of the complex graded elemental profile of 
the residual layer. The surface layer of the samples appeared to contain a thin enrichment 
of oxygen, which may suggest the presence of a chromium oxide (III) layer which forms 
as CoCrMo alloys are spontaneously exposed to air [92]. Other MoM tribochemical 
reaction studies have reported an oxide layer of 20 nm whereas AES depth profiles of 
these samples had oxide layers of between 5–10 nm [69]. Conclusively, the AES data 
suggests that the surface of the explants is covered in a layer rich in C and O and brighter 
regions contain enrichments of Cr, Co, Mo.  

 In MoM retrievals, Milošev and Remškar reported the observation of a profuse 
solid deposit containing C, O, and N (1 µm thick) and a thinner mixed deposit layer 
containing metal oxides, organic-related components and hydroxides [69]. They further 
suggest the abundance of carbon is organic in nature and therefore, a result of 
tribochemical reactions that generate compact and partly segmented carbon-containing 
layers of denatured proteins. Another study found that the tribological layers are 
nanocrystalline in structure and by process of “mechanical mixing”, organic material 
from the synovial fluid is incorporated into the surface (50 – 200 nm) of the metallic 
component [72], [74], [75], [93]. Thus, this layer was termed the tribological layer. More 
recently, there has been a suggestion that this carbon-rich tribological layer functions as 
a solid lubricant in the MoM tribological system, reducing direct metal on metal contact 
and effectively improving wear performance in MoM hip prostheses [94]. 
Controversially, Liao et al. (2011) proposed that the source of the tribological layer may 
not be purely biological (i.e. not from the natural synovial fluid in the joint space) because 
the layer appears to contain graphite and therefore functions more like the solid lubricants 
in a combustion engine [76]. The characteristics of this commonly observed tribological 
layer is congruent to the residual layer observed on the retrievals in this study. Although 
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the composition profile is quite similar with an abundance of carbon, the thickness on the 
MoP retrievals is comparatively, much thinner (10 – 50 nm). A revision to the sterilization 
procedure (e.g. milder detergents to main integrity and reduce disruption of tribological 
layer) may allow for more realistic characterization of the composition of the tribological 
layer (as it exists in vivo).  

3.4 Surface Characterization of UHMWPE Retrieval 
Lastly, the UHMWPE was briefly investigated in search for complimentary data 

to results generated from the metallic samples. The UHMWPE acetabular cup was 
implanted for 28 years, the longest duration of implantation out of all the samples 
included in this study. 

In the SEM, the overall articulating surface of the UHMWPE sample was highly 
worn and flaky (Fig. 3.8A). There were regions that were extremely flaky (Fig. 3.8B) and 
regions that were comparativelys flat (Fig. 3.8C). In BEC mode, many brighter particles 
were observed within the crevices formed by the flakes (Fig. 3.8D). The brighter particles 
may be composed of elements with larger atomic numbers leading to the greater contrast 
in BEC mode. EDS point spectra (Fig. 3.8E) identified large amounts of C and O and 
trace amounts of Na, Cl, K, and Ca.  

 The course appearance of the surface of Retrieval 4, suggests large amounts of 
surface abrasion and material detachment (i.e. wear debris). Previous studies have 
demonstrated that UHMWPE debris particles between 0.3 to 10 µm in size are more 
susceptible to the activation of adverse reactions because they are phagocytose-able by 
macrophages [71], [95]. The presence of organic elements (e.g. Na, Cl, K, Ca) on the 
wear particles may alter the bio-reactivity since freshly detached particles initiate a 
different response from particles that have been in contact with biological tissues for 
longer periods of time [96]. It may be possible that the coating of wear debris with 
biological compounds lower the rate of phagocytosis, reducing the negative effects of 
UHMWPE wear debris.  
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Figure 3.8 TEM EDS of nanocrystalline layer. A) and B) The nanocrystalline layer under the shallow 
scratches do not show very big changes whereas the nanocrystalline layer under the deeper scratches C) to 
F) appear to follow the contours of the scratches. The highlighted values are increases in elemental 
composition in comparison to the bulk values. The detection limit for EDS is approximately ±0.5 at%.   
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CHAPTER 4  
Results and Discussion: Subsurface and Cross-sectional 
Characterization 
Subsurface and Cross Sectional Characterization  

Using focused ion beam, a sample can be prepared to facilitate observation of the 
cross-sectional subsurface microstructure at the nanoscale in the TEM. The areas of 
interest were chosen over scratches (e.g. shallow scratches due to manufacturing on the 
references and deeper scratches likely due to wear, on the retrievals, Fig. 2.2) to compare 
differences in subsurface microstructure between manufacturing-induced wear and in 
vivo wear. The preparation of electron-transparent samples also allows for high resolution 
analysis of the nanoscale features such as the nanograins in the hard phases and the 
nanocrystalline layer.    

4.1 Hard Phases  
 Analysis of the hard phases in the TEM revealed results similar to those obtained 
using the SEM. The TEM micrograph in Figure 4.1 shows that the hard phase was several 
microns deep and had a multiphasic nanocrystalline microstructure. EDS elemental 
mapping of the hard phase in Retrieval 2 (Fig. 4.1) showed an enrichment of Cr and Mo 
and a depletion of Co in the area of the hard phase, similar to the EDS line-scan in the 
SEM (Fig. 3.3) and AES data. Furthermore, there were clear heterogeneous phases within 
the hard phase containing an enrichment of Co (Fig. 4.1D), which was also shown in the 
SEM EDS line-scan.   

Point spectra EDS analysis of the hard phase revealed what appears to be 
particulates suspended in the hard phase with varying compositions of Cr, Mo, Co (Fig. 
4.2A, B). These results are congruent with the composition of carbides which contain 
M23C6-type (M=Cr, Mo, Co) and M6C-type phases. The multiphasic nanocrystalline 
structure of hard phases in Retrieval 2 are characteristic of a cast CoCrMo alloy material. 
Variable from the hard phase in Retrieval 2, elemental analysis of the Retrieval 3 TEM 
sample revealed that the hard phase had similar levels of Cr to the bulk material, a slight 
enrichment in C, a slight depletion of Co, enrichment in Si and large enrichments of Mo 
(Fig. 4.2C). These results are in agreement with the SEM EDS line-scan of the hard phase 
mentioned previously (Fig. 3.3F).   
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Figure 4.1 TEM EDS map of a hard phase from Retrieval 2. A) TEM micrograph of area where the 
EDS map was acquired. A) to F) Elemental maps of C, O, Co, Cr, and Mo, respectively. The hard phase 
has an abundance of Cr (E) and Mo (F) and a depletion of Co (D) except in areas where there are mixed 
phases containing large amounts of Co.  

Simulated in vitro tests have shown that protruding nanograins within the hard phases can 
detach from the bulk material as a result of sliding, leaving pits in the surface [86]. 
Additionally, the researchers suggest that in MoM tribosystems, the contact between 
protruding hard phases can also contribute to the generation of wear debris, as depicted 
in Figure 4.3. In MoP articulations, protruding hard phases can likely exacerbate the wear 
of the lower modulus UHMWPE component. Furthermore, a similar mechanism of debris 
generation, as mentioned earlier, can occur when released nanograins from the hard 
phases of the metallic component embed in the UHMWPE and cause abrasive wear on 
the metallic surface. Therefore, while hard phases can act to strengthen the materials, 
mixed-phase hard constituents in the cast CoCrMo microstructure can disrupt the 
integrity of the surface as well as increase the generation of nanoparticles and wear in 
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MoP articulations. Thus, the homogeneity and scarcity of hard phases within wrought 
CoCrMo alloys may make it a more ideal preparation of CoCrMo alloys for MoP hip 
prostheses.   

 
Figure 4.2 TEM EDS point spectra elemental analysis within a hard phase from Retrieval 2 and 
Retrieval 3. A) TEM micrograph of the area where EDS point spectra were acquired from Retrieval 2, B) 
points indicating where each spectrum was acquired from the particulates within the hard phase. C) Two 
points on Retrieval 3 indicating where the spectra were acquired, spectrum 1 corresponds to the hard phase 
and spectrum 2 corresponds to the bulk material. The table shows the atomic percentage of elements present 
at each point of interest. The highlighted values are increases in elemental composition in comparison to 
the bulk values.  

 
Figure 4.3 Schematic of nanoparticles generated from mixed hard phases during wear. Adapted from 
Liao et al. 2012 [86].  

4.2 Tribological Layer and Oxide Film  
The surface layer was further investigated on the retrievals by analyzing the TEM 

samples prepared using FIB. Carbon was used as a protective layer to reduce ion beam 
damage and prevent the high contrast that would result from a protective layer of tungsten 

 
 



|Master’s Thesis: Vicky Vuong, McMaster University, Materials Science & Engineering| 

 

34 

or gold. These issues would have otherwise impeded the observation of the tribological 
layer. Furthermore, the use of a carbon protective layer was justified by the assumption 
that carbon from the tribological layer could be differentiated from the carbon deposited 
by the FIB. From the TEM cross-sectional observation of the surface, a thin residual layer 
was observed above the bulk material (Fig. 4.4A and B, arrows) and was between 10 to 
50 nm in thickness. The observation of the layer was most pronounced on the surface of  

 
Figure 4.4 TEM EDS point spectra elemental analysis through the tribological layer and base metal 
on Retrieval 3. A) and B) Points at which EDS spectrum was acquired. Arrows point to areas where a 
residual layer is visible above the bulk material. The atomic composition of elements is presented in the 
table below. Calcium was detected at points above the surface of the bulk material (amounts are highlighted 
on the table in blue). C) and D) are two examples of elemental spectra where in C) there is no Ca peak and 
in D there is are two evident Ca peaks at approximately 3.7 keV and 4.0 keV.    

Retrieval 3, perhaps due to the fact that the surface of this sample was the least 
disturbed through cleaning and sample preparation procedures (it was typically the last 
sample to be prepared). TEM EDS analysis showed that the residual layer contained large 
amounts of C, O, and smaller amounts of Si, and Ca. The layer observed was less than 
100 nm in thickness. The presence of Ca appeared to always be coupled with greater 
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amounts of O and smaller amounts of Si (Fig. 4.4, table). The EDS spectra in Fig. 4.4C, 
D were from points taken in the surface layer region. The first spectrum indicates the 
presence of a high Si peak at around 1.7 keV (Fig. 4.4C) and a lack of a Ca peak whereas 
the second spectrum, there is a much smaller Si peak and a prominent Ca peak and O 
peak (Fig. 4.4D).  

The presence of Ca found in the tribological layer of Retrieval 3 strongly supports 
the biological contributions to the layer. Furthermore, the location of Ca nanometers away 
from the metallic surface may be a result of mechanical mixing during articulation at the 
interfaces of the prosthesis. In previous MoM studies, researchers claim that the carbon 
composition of the layer is from denatured proteins, assuming that there are no other 
likely sources of carbon other than from the synovial fluid in the MoM tribochemical 
regime [74], [76], [97]. For the retrievals in this study, another likely source of carbon 
may be from the polymeric acetabular component of the MoP bearing couple. Therefore, 
it may be logical to predict that the tribological layer could originate from many more 
sources of carbon in MoP articulations than in MoM articulations and potentially result 
in a more prominent carbon-rich tribological layer. The layer of carbon present on the 
references suggest that carbon contamination from exposure to air, manufacturing 
procedures, or sample preparation procedures may also be sources of carbon on the 
samples. Closer analysis of the biological components in this layer such as identification 
of specific protein segments or staining in protein affinity assays could provide more 
information on the exact origin of the biological component and the mechanism of 
formation of the tribological layer. Therefore, even considering the thickest residual layer 
found on Retrieval 3, the presence of a carbon-rich tribological layer, to the same extent 
and exact composition as those reported in the MoM studies (up to 1µm thick, C, O, N-
rich) [69], was not observed on the retrievals in this study. Analysis of this thin layer may 
prove to be more fruitful on the high wear zones of the implant (e.g. on the sides as 
opposed to the tops).  

Figure 4.5 depicts select high resolution TEM micrographs of the nanocrystalline 
layer (A and B) and nanocrystalline particles identified between 5 – 20 nm from the 
surface of the retrieval (C and D, arrows). The particles ranged between 5 – 20 nm in size 
and appeared either at isolated areas or in clusters of two to five nanoparticles. A defined 
layer was visible just above the metallic surface, as indicated by the asterix (*) in Figure 
4.5 D. This layer may be a surface oxide layer known to form on CoCrMo alloys 
consisting of chromium oxide (Cr2O3), and molybdenum oxide (Mo+4, Mo+5, Mo+6) to a 
lesser extent [98]–[101].        
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Figure 4.5 HRTEM micrographs from Retrieval 3. A) and B) HRTEM micrographs of the 
nanocrystalline layer, showing the alignment of nanocrystals near the surface. C) and D) are HRTEM 
micrographs of the residual layer above the bulk material. Arrows point to areas where a nanocrystalline 
particle is found above the bulk material. The asterix (*) in D) indicates the potential oxide layer directly 
above the metallic surface of the sample.  
 To identify the chemical composition of these nanocrystalline particles, EELS 
analysis was performed and the results are presented in Figure 4.6. The EELS elemental 
maps showed that the nanocrystalline particles are enriched in O, Fe, and F, suggesting 
the presence of iron oxides. The O and Cr map also support the presence of a chromium 
oxide layer above the metallic surface (Figure 4.6B, asterix) and a slight depletion of Co 
in that oxide layer. To further distinguish between the possible forms of iron oxides, the 
spacing between the lattice fringes were measured in the HRTEM images. Of the 15 
particles examined, nearly half of the atomic spacings corresponded well to either 
magnetite (Fe3O4) or maghemite (γ-Fe2O3). The other particles either yielded insufficient 
points in the FFT or resulted in d-spacings that overlapped with many iron oxides. The 
Fe and O edges obtained in the EELS spectrum were inconclusive, more data is required 
to precisely identify the identity of the oxides found above the surface layer [102].  

Researchers suggest that in addition to wear (or as a result of wear), corrosion of 
the implant materials or wear particles may also contribute to the dissolution of metal 
ions into the surrounding tissue and blood stream [75], [98], [103]. The passive oxide 
layer on CoCrMo alloys is spontaneously formed from exposure to air. It provides 
increased corrosion and fretting resistance to the base alloy, however, it can be 
compromised during wear and depassivation may lead to dissolution of the underlying 
base alloy [104]. It has been established that Co is the major species dominating active 
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dissolution in CoCrMo alloys, which may account for the slight depletion of Co in the 
oxide layer. The loss of integrity in the oxide layer during in vivo articulation may also 
facilitate the dissolution of Fe from the base CoCrMo alloy (Arcam ASTM F75 contains 
0.2% Fe). Alternatively, the Fe can originate from the surrounding synovial fluid as it has 
been shown that patients with rheumatoid arthritis (inflammation of joint lining) have 
higher synovial fluid levels of free Fe ions [105]. Regardless of the origin, many forms 
of iron oxides (like other corrosion by-products) are cytotoxic and can cause adverse 
cellular responses in the periprosthetic tissues, contributing to the failure of the implant 
[105], [106].  

 
Figure 4.6 EELS mapping on the nanoparticles. A) TEM micrograph of area selected for EELS analysis. 
B) to F) EELS elemental maps for O, Co, Cr, Fe, and F, respectively. The maps show that the particles are 
enriched in Fe, O, and F. The asterix (*) in B indicates oxide layer above the metallic surface.  
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4.3 Nanocrystalline Layer  
 TEM of the FIB cross-sectional preparations revealed a subsurface 
nanocrystalline microstructure across all of the samples (Fig. 4.7 and Fig. 4.9). The 
subsurface microstructure was particularly evident using bright-field STEM at higher 
magnifications. The nanocrystalline layer on wrought Reference 1 was approximately 
200 nm in thickness (Fig. 4.7B). The nanocrystalline layer was quite variable on 
Reference 2, between 20 nm to 100 nm (Fig. 4.9B). The nanocrystalline layer on Retrieval 
1 ranged from 40 to 100 nm in thickness; approximately 350 nm in Retrieval 2; and 100 
nm in Retrieval 3 (Fig. 4.7 and Fig. 4.9). Additionally, STEM EDS mapping of the 
nanocrystalline layer showed that the layer had the same elemental composition as the 
bulk alloy material below (Fig. 4.10).  

 
Figure 4.7 TEM micrographs of the subsurface microstructure in the wrought samples. A) and B) 
show TEM low magnification, overviews of the subsurface microstructure. B) and D) show STEM 
micrographs of the subsurface nanocrystalline layer. The arrows show the maximum thickness of the 
nanocrystalline layer in the micrograph.  

Overall, the thicknesses of the nanocrystalline layer ranged from 20 to 350 nm, 
where the lower end of the range corresponded to the layer found in the puck reference 
sample as well as in Retrieval 1. The variable thicknesses of the nanocrystalline layer 
may be attributed to the degree of manufacturing, for example, the femoral head wrought 
Reference 1 sample had a more prominent nanocrystalline layer compared to the puck 
cast Reference 2 sample which had a nanocrystalline layer that was more variable in 
thickness. Logically, more in vivo articulations can also result in the thickening of this 
nanocrystalline layer [107], [108]. This may help to account for the thickest layer found 
in Retrieval 2 as it was in service for 15 years. Lastly, the variability of thicknesses may 
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be site-specific, with thicker nanocrystalline layers developing in areas that have 
undergone more articulations, which would explain the inconsistent thickness of the 
nanocrystalline layers seen at lower magnification overviews of the FIB samples.  

The presence of a nanocrystalline layer (up to 500 nm in thickness) has been 
reported in the subsurface microstructure of MoM retrievals on the metallic femoral head 
component and the acetabular cups [107]. The conclusions drawn from multiple studies 
suggest that plastic deformation produced during the multidirectional, repetitive sliding 
leads to mechanical milling and dynamic recrystallization at the immediate subsurface 
layer. The researchers suggest that plastic deformation during mechanical polishing in 
the manufacturing process was insufficient to induce nanocrystal formation, however 
references were not investigated. Other studies suggest that cyclic shear stress in low 
stacking fault materials (i.e. CoCrMo alloys) generate localized plastic deformation along 
the discrete sliding planes resulting in dislocations, twins, stack faults, hardening and 
increased mechanical stability [97], [107], [108]. Consequently, the formation of 
nanocrystals is attributed to the large strain and repetitive loading [101], [109].  Simulated 
in vitro studies showed abrasion wear marks are caused by the rotation, sliding, and 
ultimate removal of the nanocrystals in the nanocrystalline layer. This detachment of 
material (i.e. nanocrystals) from the nanocrystalline layer is a source of globular-shaped 
(Cr, up to 90 nm) wear debris, whereas needle-shaped (Co and Cr, 40 – 120 nm) wear 
debris is generated by fractured Ɛ-martensite [97], [107], [110], [111]. Figure 4.8 is a 
schematic showing the delineation of layers formed in the worn contact area of metal-on-
metal prostheses. Zone 1 corresponds to the bulk alloy material, Zone 2 refers to the 
plastically deformed layer, and Zone 3 is the mechanical mixed layer containing the 
nanocrystalline mixed layer and the tribochemical reaction layer (Fig. 4.8). 

 
Figure 4.8 Cross-sectional schematic of different regions beneath the worn surface of a metal-on-
metal sliding contact. Figure adapted from Hutchings, 1992 [109].   
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Contrary to previous reports claiming the nanocrystalline layer is a result of in 
vivo dynamic recrystallization [97], [112], TEM revealed that the nanocrystalline layer 
was present on both the reference and retrieval samples. This suggests that the 
nanocrystalline layer is present prior to implantation and may very likely be a result of 
mechanical polishing during the manufacturing processes. However, the variable 
thickness across the samples suggest that in vivo wear (i.e. dynamic recrystallization in 
vivo) and site-dependent thicknesses (e.g. high contact stress zones may have thicker  

 
Figure 4.9 TEM micrographs of the subsurface microstructure in the cast samples. A), C), E) show 
TEM low magnification, overviews of the subsurface microstructure. B), D), F) show STEM micrographs 
of the subsurface nanocrystalline layer. The arrows show the maximum thickness of the nanocrystalline 
layer in the micrograph. 

nanocrystalline layers) cannot simply be dismissed. Researchers in an electrochemical 
investigation, hypothesize that the passive oxide film can act as a barrier to tribocorrosion, 
favoring the process of dynamic recrystallization. This mechanism supports the protective 
role of passive oxide films and helps to explain the varying thicknesses of the 
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nanocrystalline layer [109]. Previous studies have not compared the nanocrystalline layer 
of the retrievals to unused reference implants or the in vitro simulated samples to uncycled 
references. This study stresses the important information provided by the references in 
regards to manufacturing defects present prior to implantation.    

 
Figure 4.10 STEM EDS map of nanocrystalline layer. A) to B) The elemental EDS maps show no 
distinction of elemental variation between the nanocrystalline layer and the base alloy material.  

As mentioned previously, the FIB preparations were taken over observable 
scratches on the surface which allowed for observation of the cross-sectional subsurface 
microstructure beneath the scratches. In Figure 4.11, the shallower scratches in Reference 
1 (A) and Retrieval 1 (B) showed little change in the subsurface nanocrystalline layer 
directly beneath the scratches. However, in the deeper scratches observed on Retrieval 2 
(Fig. 4.11C, D) and Retrieval 3 (Fig. 4.11E, F), the nanocrystalline layer appeared to dip 
lower, following the contours formed by the scratches.  
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Figure 4.11 STEM micrographs of the subsurface microstructure under scratches on the surface. A) 
and B) The nanocrystalline layer under the shallow scratches do not show very big changes whereas the 
nanocrystalline layer under the deeper scratches C) to F) appear to follow the contours of the scratches.   

The cross-section of a scratch can provide important information, such as the 
microstructure of the material removed from the surface during the generation of wear 
debris as a result of scratch formation. In the deeper scratches, the nanocrystalline layer 
appears to dip below the relatively flat surface, however, the thickness of the layer does 
not appear to change significantly. The trough in the material is likely formed by an 
abrasive force removing material, in the form of the nanocrystals, from the surface 
thereby generating nanoscale wear particles. The consistent thickness of the layer under 
the trough may suggest that the plastic deformation imposed on the surface to form the 
deeper scratches is sufficient to result in dynamic recrystallization of the subsurface 
microstructure directly beneath the scratch [97]. Consequently, wear debris generated 
from the removal of hard phases from the bulk material are M23C6-type (M = Cr, Mo, Co) 
and M6C-type phases whereas the wear debris generated from the bulk material likely 
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originate from the base alloy material are metal-stable fcc phase or hcp at equilibrium 
[77]. However, there is a lack of literature addressing the metal debris released from MoP 
articulations. The examination of retrievals from consecutive durations of implantation 
(e.g. controlled, variable time courses) may provide a better understanding of the 
mechanism and sequence of events leading to the development of the nanocrystalline 
layer. Further high resolution TEM of the subsurface microstructure on a larger number 
of retrievals will be helpful in elucidating a deeper understanding of the formation and 
wear mechanism of the nanocrystalline layer.  

4.4 Subsurface Characterization of UHMWPE Retrieval  
Although a FIB sample was prepared, the beam sensitivity of the sample made it 

difficult to observe any features in the TEM and therefore, no data from the FIB sample 
will be reported. Ultramicrotomy was used to prepare other TEM sections of the 
embedded pieces of Retrieval 4 (cryo-ultramicrotomy was also attempted but the 
articulating surfaces of the sections were not well preserved). Of the four preparations (i. 
No staining; ii. Pre-staining with chlorosulphonic acid; iii. Pre-staining with uranyl 
acetate; and vi. Pre-staining with chlorosulphonic acid and post-staining with uranyl 
acetate), pre-staining with chlorosulphic acid and post-staining with uranyl acetate 
provided the most enhancement to the polymeric crosslinks in the UHMWPE. Therefore 
the data presented in Figure 4.12 are of preparations using the pre- and post- stained 
ultramicrotomed sections.   

 In the TEM, the individual polymer chains (aka. lamellar) were visible (Fig. 
4.12A – D). Fig. 4.12A and B show the organization of polymer fibers at the articulating 
surface whereas Fig. 4.12C was imaged in a thicker region of the TEM sample, further 
away from the edge. There were no observable alignments of the polymer in either 
location, in any preferential direction, as was hypothesized due to repeated loading of the 
component. Lastly, HAADF TEM and EDS analysis was performed near the articulating 
surface of the sample, however, there were no observable particles (like the ones observed 
in SEM mentioned above) that were identified (Fig. 4.12D). The contrast near the surface 
of the sample was due to staining from the chlorosulphonic acid to enhance the contrast 
of the polymer crosslinks.   

Overall, investigations of the surface of a highly worn UHMWPE using FIB and 
ultramicrotomy preparations were not successful. UHMWPE is prone to oxidative 
degradation during storage which may have an influence on the material microstructure 
and crystallinity. A high lamellar concentration or stacking was observed in the 
subsurface of shelf-aged samples [56]. Therefore, more freshly, retrieved UHMWPE 
acetabular components can be an asset to providing more representative data. 
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Figure 4.12 TEM of subsurface microstructure of UHMWPE sample. A) and B) Micrographs showing 
the individual polymer chances at the articulating surface. C) TEM micrograph showing the organization 
of polymers deeper into the sample. D) HAADF STEM micrograph of the polymer at the articulating 
surface.     
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CHAPTER 5  
Conclusions  
 In response to the adverse biological reactions to prosthesis wear debris, a wealth 
of research using advanced electron microscopy has been performed in MoM 
articulations, however, congruent experiments have not been equally explored in MoP 
articulations. This study aims to characterize prevalent structures found on the surface 
and subsurface of MoP retrievals and compare them to references and previous MoM 
results to elucidate the influence of such structures on wear. The data reveals that contrary 
to what has been previously reported in MoM studies, although the extent of wear on the 
retrieval samples is, logically, more severe in comparison to the reference samples, 
imperfections are not exclusive to retrievals and may (at least partially) be a by-product 
of manufacturing. Moreover, the microstructures observed on the MoP retrievals contain 
both similar and dissimilar characteristics to MoM retrievals, thereby validating that the 
results on MoM components cannot be entirely extrapolated to MoP prostheses. The 
following section will summarize the major findings, identify limitations of the 
experiments and propose areas for future work.  

5.1 Summary of Major Findings  
 The microscopy techniques used resulted in agreeable data (Table 5.1)  
 Scratches present on references due to manufacturing process; wear on retrievals 

due to manufacturing process and in vivo articulation 
 Cast samples contain multiphasic MxCy (M=Cr, Mo) hard phases that may 

exacerbate abrasive wear 
 Tribological layer rich in C, O is present on surface of retrievals, but the 

thickness is not comparable to tribological layers reported in MoM studies  
 Nanocrystalline subsurface layer present in references and retrievals; scratches 

and in vivo wear may influence the thickness of this layer 
 Retrieved surface of UHMWPE is highly worn and contains presence of organic 

elements 

Table 5.1 summarizes the results across all microscopy techniques used to analyze the 
hard phases and the tribological layers in the samples.  

Firstly, the predominant wear mode on the surface of the samples is abrasive wear. 
The scratches on the references samples are fewer, more uniform, and likely a result of 
mechanical polishing from the proprietary manufacturing process. The scratches on the 
retrievals are representative of both in vivo wear mechanisms and manufacturing. 
Furthermore, the duration of implantation is correlated with the abundance and depth of 
the scratches.   

 Hard phases found on the cast samples contain an enrichment of Cr, Mo, C and 
most of the time, a depletion of Co. The hard phases in Retrieval 2 and 3 are multiphasic, 
containing suspensions of Co-rich particulates. The presence of hard phases can improve 
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the strength of the material but they can also embrittle the alloy, exacerbate wear of the 
UHMWPE surface and if torn off, contribute to third-body abrasive wear. Wrought 
CoCrMo may be the preferable material for MoP articulations since repeated cycles of 
heating and cooling in its preparation lead to lower amounts of carbides formation (of 
which are typically monophasic).  

 A residual/tribological layer was observed on the surface of the retrieval samples 
(and not the reference samples) using SEM, AES and TEM. The tribological layer was 
less evident in Retrieval 1 compared to Retrievals 2 and 3, which may suggest that longer 
in vivo service duration (i.e. more than 2 years) is required for the development of a 
tribological layer. The results from AES point spectra show regions corresponding to a 
higher composition (at%) of C, O, or Si (darker patches) and other regions corresponding 
to a higher composition of Cr, Mo, or Co (brighter tribological patches). AES depth 
profiling did not reveal a tribological layer on the MoP retrievals of the same thickness 
as those reported in MoM retrieval studies. The baseline carbon layer (~10 nm) on the 
reference samples suggest that the presence of carbon can be contamination as a result of 
the manufacturing process, sample preparation or simply, exposure to air.  

An oxide layer, likely containing Cr2O3, is also detected on the surface of Retrieval 
3 during HRTEM imaging and EELS mapping. Furthermore, HRTEM and EELS have 
revealed nanocrystalline particles above the surface of Retrieval 3. The speculated 
identity of these nanocrystals have been narrowed down to magnetite (Fe3O4) and/or 
maghemite (γ-Fe2O3), however further analysis must be performed to characterize the 
chemical and crystal structure. Despite the report of nanocrystalline particles containing 
Co and Cr in MoM studies, no such particles were observed in these samples.   

A nanocrystalline layer was observed beneath the surface, across all samples. The 
height of the nanocrystalline layer was variable within some samples and overall, ranged 
from between 20 to 350 nm. The presence of the layer in the reference samples suggests 
that contrary to the in vivo dynamic recrystallization mechanism proposed by previous 
MoM studies, the nanocrystalline layer can be a produce of mechanical polishing during 
production. Nonetheless, a closer investigation of the microstructure beneath the 
scratches reveals that deeper scratches (not shallow ones) result in a change in the 
subsurface nanocrystalline layer, leading to a dip that follows the contours of the scratch. 
This suggests that although the nanocrystalline layer is present prior to implantation, in 
vivo wear may be sufficient to induce changes to the subsurface microstructure.  

Lastly, in the UHMWPE sample, the surface was largely flaky and highly worn. 
SEM EDS found the presence of organic elements including Na, Cl, K, and Ca suggesting 
a biochemical interaction at the surface of the acetabular component. TEM (BF, DF, and 
HAADF) revealed the organization of polymer chains but unfortunately no alignment of 
polymer chains or the presence of the organic compounds were found in these 
preparations.   
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Table 5.1 Summary of results on the carbides/hard phases, tribological layer, and the UHMWPE 
sample. ‘D’ represents the darker areas in the tribological layer, ‘B’ represents the lighter areas in the 
tribological layer. ‘+’ represents an increase in comparison to the reference samples or the bulk material, 
correspondingly and ‘–‘ represents a decrease in comparison to the reference samples or the bulk material.       

 

5.2 Limitations  
 The major limitations of this study pertain to the scarcity of MoP THA retrievals, 
the complexity of biological contributions, and the challenge of quantifying the elemental 
composition of such small and highly variable structures (e.g. nanometer-thick 
tribological layer).  

 Although the analysis of retrieval samples greatly improves the value of 
knowledge generated in these experiments, it also presents many limitations. Firstly, the 
rarity of retrieval samples limit the available sample size included in this study. A greater 
sample size of retrievals can increase the generalizability of the results to MoP prostheses. 
Similarly, it was challenging to acquire appropriate references (e.g. Reference 2 was a 
cast puck as opposed to a femoral head component) to the retrieval samples since the 
production of prostheses is an undisclosed, proprietary process. In addition, a more 

Microscopy Techniques 

Features 
Examined Sample SEM EDS AES Point 

Spectrum AES DP  TEM EDS EELS  

Carbides/Hard 
Phases 

Reference 2  
++Cr,  
+Mo, 
--Co 

+Cr, 
 +Mo, 
 +C, 
+O, 
--Co 

+Cr, 
 +C, 
--Co 

- - 

Retrieval 2  

+Cr,  
++Mo,  

+C,  
+Si, 
--Co 

+Cr, 
++Mo, 

+C,  
+Si,  
-Co 

- 

EDS map:  
++Cr,  
+Mo,  

-Co, (+Co 
suspended 
particles) 

- 

Retrieval 3 

+Cr,  
++Mo,  

+Si,  
-Co 

++Mo, 
+C,  
+O,  
-Co 

- 

EDS Point:  
+Mo,  
+C,  
+Si  
-Co  

- 

Tribological 
Layer 

Retrieval 1 - D: +C 
B: +Cr ~15 nm - - 

Retrieval 2 - 

D: +O, 
+Si 

B: +Cr, 
+Mo 

~17nm  - 
+O,  
+Fe,  
+F 

Retrieval 3 - D: +C  
B: +Co ~ 30nm 

+O, 
+Ca,  
+Si  

- 
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correlative analysis can be attained with the access to retrieval samples containing both 
the UHMWPE acetabular cup and complimentary CoCrMo femoral head. The contact 
areas on both surfaces can be compared to further investigate the tribological conditions 
in the system. Moreover, The UHMWPE sample examined in this study was largely 
damaged and had been removed for a long period of time and therefore, is likely not 
representative of an in vivo acetabular component.  

Moreover, the unique positioning of the prosthesis in the patient and subsequently, 
the inconsistency of the high contact zones, prevent analysis of the most highly worn 
areas of interest. Also, the retrieval samples require thorough sterilization with the use of 
stringent detergents that remove and dissolve the majority of organic matter which can 
destroy the integrity of structures that are assumed to be of biological origin (e.g. synovial 
fluid contributions to the tribological layer). An amendment to the experimental 
procedure may include analysis of the samples prior to the harsh cleaning conditions as 
well as after, to preserve the possibility of disturbing certain features on the surface. If 
such conditions can be explored, given adequate resources, cryoSEM/TEM can be used 
to investigate the tribological layer [113]. This may also allow for the probing of proteins 
(e.g. using negative stains for TEM samples) on the surface of the implants, which 
naturally contribute to the tribology of the MoP system.  

 Another limitation in this study is the lack of statistically quantitative data, the 
majority of results reported are qualitative observations. The small size of the TEM 
samples prepared by FIB, further limits the possibility for statistical evaluation. However, 
with the access to more FIB preparations, the thickness of the nanocrystalline layer can 
be measured and perhaps correlated to the presence of scratches or the integrity of the 
passive oxide layer. On the other hand, although the surface sensitivity of AES makes it 
an ideal technique for the identification of elements in the thin surface layer above the 
implant surface, the presence of carbon can result in confounding results. The large 
composition of carbon can hinder the identification (i.e. mask the overlapping elemental 
peaks in the generated AES spectra) of other trace elements which may be present in the 
tribological layer such as Ca or Si. Moreover, exposure of the samples to air can result in 
a surface layer of carbon several nanometers in thickness (as seen on the references), 
consequently, it may be difficult to differentiate between carbon contamination and 
carbon that is truly present on the surface of the samples. Due to the influence of carbon, 
the comparison of elemental composition between samples (e.g. retrievals to references) 
may not be reliable since the relative composition will vary depending on the amount of 
carbon present in the sample. However, the relative comparisons within the same sample, 
since they contain equivalent amounts of carbon contamination may still be reasonable. 
In addition, the complimentary data obtained from the cross-sectional TEM samples are 
able to provide additional information on the composition of the tribological layer. More 
precise quantification of data can be achieved by the preparation of appropriate standards.     
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5.3 Future Directions   
 Firstly, to obtain a more exhaustive analysis of the samples at hand, further work 
on HRTEM and EELS can be performed on additional FIB-prepared TEM samples. If 
possible, the preparation of more FIB samples (and TEM and EELS analysis) from 
Retrieval 3 can be used to identify the exact chemical composition and crystal structure 
of the iron oxide nanoparticles identified above the surface. Also, it may be informative 
to identify these iron oxides in other retrieval samples to limit the possibility that the iron 
oxides are an anomaly from contamination. Additionally, it may be worthwhile to 
investigate the integrity of the chromium oxide surface layer, its influence on the 
dissolution of ions from the base alloy and consequently the role corrosion plays in the 
system (this was outside the scope of the current research). The effect of scratches on the 
surface oxide layer was not clearly observable in the results of this study.  

To enhance the value of retrieval studies, collaboration with surgeons to obtain 
more detailed patient-specific information such as implant manufacturer data, implant 
positioning or synovial fluid ion concentrations would provide a more comprehensive 
understanding of mechanical and physiological factors that influence the wear of hip 
prostheses. Additionally, the examination of wear debris generated from corresponding 
implants will provide complimentary information to determine whether the scratches will 
produce wear debris that is similar in composition and morphology to the nanocrystalline 
layer or the hard phases. This requires large scale collaboration – more efficient sample 
collection procedures during scheduled clinical follow-up visits rather than post implant 
failure.   

To further investigate the previously “assumed” biological contributions to the 
tribological layer (simply by the presence of carbon), a protein assay or negative stain 
may be used to probe partial segments of the proteins that likely exist and play a role in 
the synovial lubrication of the artificial joint. Many studies simply report the enrichment 
of carbon in the tribological layer, but since the sources of carbon are more plentiful in 
the MoP system, the precise characterization of the composition may provide insight on 
the mechanism of formation.    

Lastly, since the generation of the scratches, the development of the tribological 
layer and the formation of the nanocrystalline layer are all potentially dependent on the 
duration of implantation, it may be interesting to perform a correlative study using 
samples implanted for different durations of time. Undoubtedly, in vivo physiological 
conditions are complex and tend to vary greatly between patients, thus, may present 
additional challenges. 

5.4 Conclusions 
In conclusion, the data obtained each progressive advanced microscopy technique 

was coherent, and supportive of the initial hypotheses. The observation of structures, such 
as scratches and nanocrystalline layers, in the reference and (often to a greater extent) in 
the retrievals suggest that imperfections produced by the manufacturing process influence 
the in vivo performance of the prosthesis. The observation of the nanocrystalline layer in 
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the reference samples (and the retrievals) is a novel, yet fundamental finding that had 
been over-sighted by previous research on MoM articulations. The pre-existing 
imperfections in new, unused prostheses may have protective effects but may also 
exacerbate the in vivo wear of the MoP components. This further emphasizes the 
importance of examining corresponding references in retrieval as well as in in vitro 
simulator studies. The differences in the magnitude of microstructures readily observed 
in MoM and MoP studies, further support that the two tribological systems operate under 
different in vivo conditions. Which explains how the two articulations can result in the 
production of different wear rates, wear particles with different size and morphology as 
well as result in different modes of failure.  

 The current, fashionable strategy to improving hip prostheses is to increase the 
strength, hardness and other mechanical properties of the bearing materials. Arguably, as 
Charnley believed, the clinical success of MoP prostheses may be in the articulation of a 
hard and soft component in the bearing combination, since it mimics the natural hip joint 
anatomy. Furthermore, it is interesting that although the metallic component is severely 
worn during the in vivo service of the prosthesis, failure as a result of metal debris release 
is secondary to the effects of PE debris.  It may be worthwhile to entertain the potential 
of a lower modulus coating material, similar in mechanical properties to UHMWPE, 
which generates biocompatible, biodegradable wear debris to prevent catastrophic 
biological consequences when released.  

The ideal artificial hip joint is biocompatible, is customizable (i.e. to patient’s 
height, weight, and unique joint geometry), can restore function with no limitations to 
lifestyle and can survive without failure, until the patient expires. This study and future 
works on MoP prostheses have large implications on the THA procedure because MoP is 
not only the gold standard for hip prostheses, it also has the most extensive registry of 
short-term and long-term clinical data to support experimental results. The development 
of the ideal THA material combination of THA prostheses has not yet been realized, but 
meticulous investigations of MoP articulations, one of the most proficient prosthesis 
designs, may reveal the key to longevity of total hip prostheses.  
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