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Abstract 

Over the past years, modular design of hip joint replacement has attracted an increasing interest 

due to its several advantages. However, the modular design of hip joint implant can result in 

fretting wear in the interface of the head-neck junction, especially in metallic cases. As hip 

implant is operating inside the corrosive environment of human body, electrochemical 

corrosion occurs in metallic interfaces which is usually in the form of crevice corrosion. 

Combination of mechanical fretting wear and electrochemical corrosion results in fretting 

corrosion (mechanically assisted corrosion). Metallic debris and ions detached from the 

interface of the head-neck junction are proven to have detrimental influences on body tissues 

which can ultimately results in revision surgeries with its associated major risks.  

This PhD project aims to comprehensively investigate fretting wear and corrosion failure of 

the head-neck junction of hip joint replacement, using a computational approach. In the first 

phase of this project, a three dimensional Finite Element (FE) model was developed and 

verified to investigate the mechanical environment of the head-neck junction. The model was 

then used to investigate the assembling process of the head neck junction and parameters that 

can influence the strength of the junction. This model was further developed to investigate the 

behaviour of the junction subjected to loading of daily activities. In this investigation several 

mechanical parameters that can influence on the fretting wear process were evaluated and a 

range of contact pressure (0-350 MPa) and micro-motion (0-32 µm) was suggested that can be 

used to develop more realistic in-vitro tests and FE simulations of fretting wear process. In the 

second phase of the project, an adaptive FE model was developed to simulate fretting wear 

process in the CoCr/CoCr head-neck junction. This model was developed for both dry and 

simulated body fluid conditions. It was revealed that simulation of fretting wear in a dry 

condition is a major simplification that cannot provide reliable outcomes. The model with the 

presence of the body fluid was then used to investigate the influence of angular mismatch 

(±0.124°) and assembly force (2-5 kN) on fretting wear process and the volume of material 

loss over several millions of fretting cycles. It was found that junctions with distal angular 



mismatch are more resistant against fretting wear. Moreover, results of this study revealed that 

although increasing the impaction force can enhance the strength of the junction, it can result 

in more damaging fretting wear process, in term of lost material. In the last phase of this project, 

for the first time, an adaptive FE model was developed to simulate fretting corrosion process. 

This model that was developed for a pin-on-disc geometry is able to quantify material loss 

caused by both fretting wear and electrochemical corrosion simultaneously it is also able to 

estimate the volume of the removed oxide layer, during the process of fretting corrosion.  

The outcomes of this research provides a deep understanding about the performance of the 

head neck junction of modular hip replacement and different parameters that can play major 

roles in its failure. Moreover, the finite element model of fretting corrosion process that is 

presented in this thesis, can be a good platform to model this phenomena for different 

geometries and applications. 
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Introduction 

Previous studies on modular total hip replacements have identified the occurrence of fretting 

corrosion (mechanically assisted corrosion) in the head-neck taper junction of hip joint 

implants. This phenomenon can generate metal debris that is proven to have detrimental effects 

on various body tissues such as the spleen, bones and liver. To date, many retrieval studies, in 

vitro tests, and numerical studies have been developed to understand the occurrence and 

intensity of the fretting corrosion damage to the head and neck materials. However, there are 

still some gaps in this research area which require more investigation. This PhD project aims 

to investigate different aspects of the mechanical parameters that can influence the fretting 

wear damage of the head-neck junction of total hip replacements.  

In Chapter one: A comprehensive review on the previous research in this field is provided. In 

the first part of this chapter, the history of hip implants, including several proposed designs and 

materials, which have been used to produce hip implants, is presented. Moreover, the 

advantages and complications of the modular design, as the most pragmatic design that is being 

widely used, are mentioned. In the second part, the fretting corrosion damage in the head-neck 

junction is reviewed. The different aspects of this damage, including its previously investigated 

causes and influences on the head-neck junction operation and its detrimental effects on tissues, 

are reviewed. The third part reviews studies that have been developed on the assembling 

process of the head-neck junction. The chapter’s fourth part is dedicated to wear, nature of 

fretting wear, the mechanics of fretting wear, and the research that has been developed in this 

field. The fifth part provides a literature review of the finite element studies developed in this 

area, including different on-cycle and adaptive models. In the last part, this area’s research 

gaps, which still need more investigation, are mentioned. 

In Chapter two: a three-dimensional (3D) explicit FE model of an isolated femoral head-neck 

junction was developed to simulate the real geometry of the head and neck components with a 

non-linear frictional contact and elastic-plastic properties of the mating materials. The FE 

model was verified by previously reported experimental assembling and disassembling tests. 

The model was then used to investigate the mechanics of the head-neck junction in order to 

understand which parameters contribute to the axial and torsional strength of the interface.  
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In Chapter three: the mechanical behaviour of the head-neck taper junction, particularly a 

CoCr/CoCr junction with a 12/14 taper design and a proximal mismatch angle of 0.024°, which 

is subjected to mechanical loads of common daily activities, is evaluated. To this end, the three-

dimensional model developed in the second chapter is used. A range of contact stresses and 

relative micro-motions is also determined, which may be accordingly used in relevant in vitro 

tests to represent a wide range of routine activities for this type of taper junction. 

In Chapter four: an adaptive finite element simulation is developed, to predict fretting wear in 

the head-neck taper junction of a hip joint implant, through a two-dimensional (2D) model 

based on Archard’s Wear Equation. This model represents the most critical section of the head-

neck junction, which was identified from the 3D model of the whole junction (Chapter three), 

subjected to one cycle of level gait loading. To model the fretting wear, a FORTRAN code is 

developed that can control the position of the surface nodes through the ABAQUS 

UMESHMOTION subroutine, within an adaptive meshing constraint. To reduce the 

computational cost, an adaptive wear simulation was used, which assumes that the wear rate 

remains constant during a pre-determined number of cycles (ΔN). A PYTHON code together 

with a MATLAB code are developed to compute the lost material in the form of worn area 

from the contacting surfaces at various numbers of cycles of walking activity, as well as the 

depth of wear over the neck length for each case. The model was used to explore the influence 

of the junction environment (dry and phosphate buffered solution (PBS) conditions) with 

comparing the fretting wear behaviour of the head-neck junction in both conditions. 

In Chapter five: The 2D model developed in the previous chapter is used to investigate the 

effect of angular mismatch between the head and neck components on the material loss and 

fretting wear process over four million gait cycles of walking. Different cases with distal and 

proximal angular mismatches, and the sample with perfect contact, are investigated for which 

the variation of the contact pressure, micromotion, contact length and the wear profile are 

presented. Moreover, the graph of material loss versus number of cycles is presented to track 

the magnitude of the material loss over the fretting wear process. To develop more realistic 

simulations and avoid the major simplification of the dry condition, the fretting wear 

simulations of the head-neck junction for all cases are analysed only for the PBS condition. 



In Chapter six: The main research objective is to evaluate the effect of assembly force on the 

material loss and fretting wear process, using the adaptive FE model developed in Chapter four. 

The 2D fretting wear model of the CoCr/CoCr taper junction is assembled with four different 

assembly forces of 2000 N, 3000 N, 4000 N, and 5000 N. A PYTHON code and a MATLAB 

code are developed to report the contact pressures and relative micro-motions at the contact 

interface, and to find the material loss in the form of worn area from the surface, at various 

cycles (up to 1,025,000 cycles) of normal walking gait loading. 

In Chapter seven: An adaptive finite element model is successfully developed to simulate 

fretting corrosion at metallic interfaces. Archard’s Wear Equation and a previously established 

electrochemical equation are simultaneously employed. This code’s algorithm is able to 

determine the volume of passive oxide layers removed from the interface and/or re-generated 

onto the surface and material loss caused by both fretting wear and corrosion. The model is 

then used to simulate the fretting corrosion process for a CoCr/CoCr interface under a varying 

profile of fretting sliding and normal stresses of 250 and 500 MPa. This model can be a good 

platform for finite element modelling of fretting corrosion in various applications and future 

studies to further investigate surface damage to materials in fretting corrosion situations.  
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1.1 Hip joint anatomy, biomechanics and diseases 

The hip joint is a synovial joint made of a femoral head (ball) and the acetabulum (socket). The 

axial skeleton is connected to the lower extremity by the hip joint and therefore, the hip joint 

can be considered as the joint of the femur with the pelvis. Figure 1.1 demonstrates the anatomy 

of the hip joint. 

 

 

 

 

 

 

 

 

 

Figure 1.1- Anatomy of hip joint  (Smith & Nephew Education and Evidence). 

 

Some of the following causes of hip disease are mentioned below: 

1. Arthritis; 

 Osteoarthritis, which is the most common form of arthritis  

 Inflammatory arthritis (e.g. rheumatoid and ankylosing spondylitis) 

2. Bone fracture; 

3. Slipped capital femoral epiphysis, which occurs mostly in teens; 

4. Abnormal developmental conditions (e.g. hip dysplasia); 

http://www.smith-nephew.com/education/register/
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5. Soft tissue pain; and 

6. Perthes disease, which is the lack of blood supply around the femur head and can cause 

to cells die. 

The main cause of primary total hip replacement is osteoarthritis. According to National Joint 

Replacement Registry’s 2017 annual report, osteoarthritis has been the reason of 88.8% of 

primary total hip replacement in Australia. 

Osteoarthritis is when the degeneration of the joint cartilage causes changes and damage to the 

bones underlying the joint. In this disease, the cartilage becomes stiff and brittle (Loeser 2006), 

and in some cases it breaks and floats within the hip joint’s synovial fluid, which in turn can 

result in inflammation. In some cases, the breakdown of cartilage is so serious that it cannot 

cover two contacted bones anymore. It is widely accepted that the major reason of osteoarthritis 

is cellular change, which can cause cartilage to lose its elasticity (Loeser 2006, Goldring and 

Goldring 2010). Apart from the hip joint, even the spine, fingers, toes and shoulders can be 

affected by osteoarthritis (Figure 1.2). 

 

 

 

 

 

 

 

 

 

 

Figure 1.2- The acetabular cartilage delamination leading to the development of osteoarthritis (Glyn-Jones, 

Palmer et al. 2015). 
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There is no effective pharmacological treatment available for the different forms of arthritis. 

However, there are some non-pharmacological options, such as different exercises that are 

proven to greatly influence the treatment and prevention of arthritis. Till date, the best option 

for people who suffer from end-stage osteoarthritis is hip joint replacement surgery. 

To investigate the mechanics of hip joint implant, it is required to understand the loading 

structure pattern that is being applied to hip joint during daily activities. Figure 1.3 

demonstrates the loading pattern, which is being applied to the hip joint. As can be seen in this 

figure, the two main forces that are being applied to the hip joint are body weight force and 

muscle force. This figure also shows the resultant force and the mathematical relation between 

these forces according to their angles. 

 

    

 

 

 

 

 

 

 

 

Figure 1.3- Loading structure of the hip (Eschweiler, Fieten et al. 2012) 
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1.2 History of hip joint implants  

Over the past 100 years, operative procedure history shows dramatic progression of operation, 

together with the progress of materials and methods, which have contributed to its development 

especially in the case of hip joint operations. Knowledge of this history not only helps in better 

understanding total hip replacement (THR) (Figure 1.4), but also illustrates the reason behind 

the different designs of hip joint implants, different materials from which hip implants are 

made, and the blind points of these designs and materials (Knight, Aujla et al. 2011). 

For the first time, in 1891 Professor Themistocles Glück implemented ivory as the femoral 

heads for patients affected by tuberculosis (Wessinghage 1991). The results of these attempts 

were published in the 10th International Medical Conference. Afterwards, till the early 20th 

century, different surgeons experimented with interpositional arthroplasty. Various tissues 

such as pig bladders submucosa were placed between articulating hip surfaces of the arthritic 

hip (Learmonth, Young et al.). In 1925, Marius Smith-Petersen created and implemented the 

first glass hip implant (Charnley 1961). Although glass is a bio compatible material, it wasn’t 

strong enough against the great force and shattered. George McKee, a surgeon from England, 

used metal-on metal prosthesis, in 1953 (Brown, Davies et al. 2002). He started his work by 

using a modified version of Thompson’s stem. However, he implemented a cobalt-chrome 

socket for the acetabulum. This method has had a quite high survival rate of 74% for 28 years. 

It should be mentioned that some local effects, caused by metal particles, was reported in some 

retrieval surgeries in 1970. In 1960, surgeon John Charnley (father of the modern THR) 

designed his prostheses similar to those that are being used today (Charnley 1961). It contained 

three parts: acrylic bone cement, a polyethylene acetabular component, and a metal femoral 

stem [2]. 

It was since the 1980s that hip joint implants with modular design of the femoral component 

gradually turned out to be popular (John Cooper, Della Valle et al. 2012) (Figure 1.4). 

Modularity at the head-neck junction of THR implants provides intraoperative flexibility, the 

possibility to use different material combinations and femoral head diameters. Additionally, by 

means of modular design, subsequent revision can be simplified by retaining the stem and 

performing head substitution (John Cooper, Della Valle et al. 2012, Srinivasan, Jung et al. 

2012, Dyrkacz, Brandt et al. 2013). More importantly, a modular design gives the surgeon the 

flexibility to intra-operatively adjust the femoral head’s position, allows them to achieve equal 
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leg length and position of the hip joint centre. Gradually, the tendency of using a femoral hip-

stem with lower stiffness (close to the stiffness of bone) has increased. Accordingly, the use of 

titanium alloys (Ti6Al4V, ASTM F-136-79) instead of cobalt-chrome materials (HS 21, ASTM 

F-75) grew. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4- Modular design of hip joint implant 

 However, there were still concerns about titanium stems used in cement applications, due to 

difference of stiffness and module of elasticity between titanium and cement. The first 

generation of head-stem implants, which were made of titanium, suffered from more 

burnishing, scratching, and loss of sphericity compared with the cobalt-chrome one (Collire, 

Surprenant et al. 1991). Hence, in mid 1980s, implants with variable lengths and materials of 

stems and separate spherical heads were proposed as a design that could be mated during the 

surgery.  
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1.2.1 Complications of modular design  

It appeared that using the titanium stem and a cobalt-chrome head is the most appropriate 

solution for biological applications (Knight, Aujla et al. 2011). The titanium alloy stem had the 

most suitable stiffness with quite a good agreement with bone, and the cobalt-chrome head was 

resistant enough against the wear. However, one major concern was raised for using modular 

head-neck junctions with metal-on-metal combinations, especially for combinations of 

different materials, and it was the potential of fretting corrosion. The taper design for the head-

neck junction is widely being used to provide a firm and reliable connection. Due to the taper 

design and manufacturing tolerances, there is always an angular mismatch between the head 

and neck components (Bisseling, Tan et al. 2013). Depending on each component’s taper angle, 

such an angular mismatch can cause the head-neck junction to have its main contact at the 

bottom or top of the trunnion, known as distal and proximal contacts, respectively (Figure 1.5). 

However, the fluid can still penetrate inside the junction and cause corrosion (Figure 1.6). 

 

  

 

 

 

 

 

Figure 1.5- Schematic diagram showing proximal and distal contact in head-neck junction (Kocagöz, 

Underwood et al. 2013) 

There are several taper junction designs available in the market (in terms of size and geometry). 

11/13 and 12/14 are the most popular designs that are reported in different studies to have 

various taper angles in the range of 4°–6°. To date, previous studies report that there is no 

established relation between fretting corrosion and taper angle. Over the past few years, the 

14mm/16mm trunnions has been replaced by 12mm/14mm ones. The main reason for such a 
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trend is that smaller sizes of trunnion (neck) cross section can be designed with a smaller length, 

which can, in turn, enhance the range of the motion. 

Several defects and damages can cause the revision of a primary modular hip replacement. 

Statistics show that the main reasons for revision are prosthesis dislocation, infection, 

loosening/lysis, and fracture with the percentage of 21.6%, 17.7%, 25.6% and 19.5%, 

respectively (The Australian Orthopaedic Association National Joint Replacement Registry).  

 

 

 

 

 

 

 

Figure 1.6- Occurrence of fretting corrosion in head and neck (Hussenbocus, Kosuge et al. 2015) 

1.3 Fretting corrosion in THR 

Despite several advantages, the modularity of the femoral component, particularly the metallic 

head-neck junctions, can potentially result in fretting wear, which can occur when two 

contacting metallic components are subjected to tangential oscillatory movements (Jauch, 

Huber et al. 2011). Given the presence of a corrosive medium all around the implant, the shear 

stresses induced under fretting conditions may disrupt the metal’s passive layer (Figure 1.7) 

(Mathew, Srinivasa Pai et al. 2009, Zhu, Cai et al. 2009), and thus, accelerate corrosion at the 

head-neck interface (Rodrigues, Urban et al. 2009). This combined failure mechanism caused 

by a complex interaction between fretting wear and corrosion is known as ‘fretting-corrosion’ 
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and/or ‘mechanically assisted crevice corrosion’ in orthopaedic hip joint implants (Gill, Webb 

et al. 2012, Swaminathan and Gilbert 2012, Higgs, Hanzlik et al. 2013).  

 

 

 

 

 

 

 

 

Figure 1.7- Disruption of metallic oxide layer and the process of passive layer reformation and metallic 

dissolution (Goldberg and Gilbert 1997) 

Several retrieval studies have proven the presence and damaging effects of fretting corrosion 

in the head-neck junction of a THR. Urban and his colleagues conducted a retrieval study of 

269 implants to investigate fretting and corrosion damage in two different combinations of 

head-neck junctions (Hussenbocus, Kosuge et al. 2015). They reported that 38% of CoCr head-

titanium stem couples and 21% of CoCr head-CoCr stem couples were damaged because of 

fretting and corrosion. In a similar research, Goldberg and his colleagues conducted a multi-

centre retrieval study of THRs. They investigated the effect of different parameters such as 

material combination, flexural rigidity, metallurgic condition, neck moment arm head, neck 

length, and time of implantation on fretting and corrosion of head-neck junctions. Different 

levels of damage were observed in 28% of the heads of similar alloy couples, and 42% of the 

heads of mixed alloy couples. They also reported that the fretting and corrosion damage levels 

were higher in heads compared to necks (Goldberg, Gilbert et al. 2002). Fretting-corrosion has 

been known to contribute to a degradation process, which reduces the integrity of the implant 

structure and releases products whose reaction can be harmful when in contact with organic 

tissues (Sansone, Pagani et al. 2013).  
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Hydroxides and oxides are the two main products of metal degradation that are mostly found 

in synovial tissues. Compared with polyethylene particles, metal particles are smaller and the 

number of them is much more than the polyethylene ones (about 13500 times) (Cobb and 

Schmalzreid 2006). Smaller particle sizes can cause a larger surface of tissues to be affected 

by the particles (Figure 1.8). In other words, by decreasing the size, the biological activity per 

given mass increases (Billi and Campbell 2010). Hence, they can easily affect different tissues 

such as bones, the spleen and liver (Urban, Jacobs et al. 2000) (Figure 1.8). Additionally, metal 

ions may enter the blood and affect the erythrocytes. In this way, they may also be transported 

through the body, which may cause immunological effects, as they are genotoxic and cytotoxic 

(Doorn, Campbell et al. 1998). These metal particles can also negatively affect cells in different 

ways. They may pass the cell plasma membrane by diffusion or endocytosis. Inside the cells, 

these particles may oxidatively attack, which can damage the cells body and also produce free 

radicals. Moreover, the oxygen which is reacted from Cr, Ni, Co and Ti combinations can 

damage the proteins, lipids and nucleus. Walter et al. (Walter, Marel et al. 2008) investigated 

the chromium and cobalt ions levels in 29 patients after unilateral hip resurfacing with a 54mm 

sized femoral Birmingham Hip Resurfacing Prosthesis. They measured ion levels in whole 

blood, red cells, serum, and plasma in patients. They concluded that low amounts of Cr and Co 

are related to red blood cells, while most of them are associated with serum/plasma. They also 

suggest that most of the material loss is because of the normal wearing rather than corrosion. 

Swaminathan et al. (Swaminathan and Gilbert 2012) have developed an integrated systematic 

method for the investigation of fretting corrosion for metal-on-metal contacts. They have not 

only developed a test system to investigate the effect of different elements on fretting corrosion, 

but also proposed a model in which they tried to consider all of the mechanical and 

electrochemical parameters that contribute in fretting corrosion damage. Compared with the 

other combinations, it was understood that, to generate the highest fretting corrosion currents 

in Ti6Al4V/Ti6Al4V couples, the lowest amount of work was needed. Dimah et al. (Dimah, 

Devesa Albeza et al. 2012) studied corrosion and tribocorrosion behaviours of titanium alloys 

under sliding conditions in both PBS and PBS–BSA conditions. They used ex situ surface 

characterisation and tribo-electrochemical methods. They found that the alloy’s chemical 

composition and microstructure mainly affect the wear accelerated corrosion. They found that 
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increasing the rest time between sliding cycles causes the growing of passive layer films during 

the pause period, which can result in increasing the wear coefficient. 

 

 

 

 

 

 

 

 

Figure 1.8- Corrosion at the head-neck taper as a cause for adverse local tissue reactions after total hip 

arthroplasty (John Cooper, Della Valle et al. 2012) 

One of the important parameters that helps implants resist corrosion is a passivation layer 

(Balamurugan, Rajeswari et al. 2008). Passivation layer dynamics is one of the most important 

concepts that contributes to different types of corrosion. A passive layer can be produced as an 

in vivo process or due to surface treatment. This layer protects implants from different kinds of 

corrosion by protecting the metal from direct exposure with the electrochemical environment. 

In the case of crevice corrosion, different parameters such as low PH levels, chloride ions and 

oxygen tension accelerates the solubility of the metal oxide film. Moreover, the presence of 

fretting mechanically destructs the passivation layer, which leads to the predomination of 

crevice corrosion. Some studies have been developed to investigate different parameters’ 

effects on the delamination of the passivation layer in head-neck junction (Sivakumar, Kumar 

et al. 2011, Jauch, Coles et al. 2014). 

Jauch et al. (2014) have developed an experimental set-up that investigates the minimum 

amount of torque required to remove the passive layer in a head-neck junction in different 

assembly forces and axial loads. They determined the torque’s effect on the taper strength by 

means of the pull-of force. They concluded that tapers that were assembled with a higher 

assembly force needed larger torque to remove the passivation layer. Additionally, they found 
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that axial force had no effect on the fretting behaviour of the junction. Sivakumar et al. (2011) 

investigated the fretting corrosion behaviour of Ti-6Al-4V alloy in a saliva solution containing 

different amounts of fluoride ions. They evaluated the change in free corrosion potential (FCP) 

as a function of time. Starting the fretting caused the damage of the passive film, which resulted 

in a cathodic shift in FCP. When the fretting was stopped, the repassivation process of Ti-6Al-

4V instantly started only in the saliva solution. However, the negative effect of fluoride ions 

on passive film formation caused the zones damaged by fretting to not be able to be repassived 

instantly. They finally concluded that the fretting corrosion behaviour of Ti-6Al-4V strongly 

depended on the fluoride ion concentration. 

As mentioned before, previous studies on modular THRs have identified the occurrence of 

fretting wear in the head-neck taper junction of hip joint implants. This phenomenon can 

generate metal debris that is proven to have detrimental effects on various body tissues such as 

the spleen, bones and liver (Doorn, Campbell et al. 1998, Urban, Jacobs et al. 2000, Walter, 

Marel et al. 2008). Hence, to investigate the process of fretting wear in the head-neck junction 

of hip joint implant, it is essential to have a deep understanding of the nature of fretting wear, 

mechanics of fretting wear, and research that has been developed in this area. 

1.4 Fretting wear 

By definition, fretting is a small amplitude oscillatory motion between two solid surfaces that 

are in contact by means of a load (Godfrey and Bisson 1952). Fretting consequently produces 

debris particles and grooves and pits on surfaces. Fretting frequently occurs in mechanically 

fastened joints that are subjected to fluctuating loads (Mitchell 1983). Machine components are 

another source of fretting problems. For example, the contact between hubs or shrink and press-

fits junctions, like what we have in a head-neck junction of the hip joint implant, are some 

cases where fretting may occur. Fretting is also an important concern to the aeroengine industry 

because many assemblies are under cyclic loads and therefore, can be damaged by fretting 

(Heinz 1989). Accordingly, a lot of studies have been developed on fretting and fretting wear. 

Here, the study has tried to review the literature related to fretting and fretting wear. 
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By the end of the 20th century, further insight into the fretting process was developed. Vingsbo 

et al. (Vingsbo and Söderberg 1988) developed a concept of fretting maps to display the effects 

of different parameters such as load, frequency, amplitude and contact geometry. Godet and 

his colleagues proposed a concept of third-body tribology to address the effects of debris on 

fretting. Berthier and his colleagues proposed a model in which displacement and velocity 

change between different areas of contact surfaces with different elastic deformation, rupture 

and debris motions. Additionally, many studies have been developed to propose analytical and 

numerical solutions to fretting contact problems (Johnson 1985, Hills and Nowell 1994).  

In term of experimental efforts, many studies have been developed to investigate the different 

aspects of wear and fretting wear. For the first time in 1927, Tomlison designed a fretting test 

machine. In his design, the configuration was set up to produce small amplitude rotational 

movements. He concluded that the observed damage was because of relative motion or slip 

between the contacting surfaces. Waterhouse et al. (Waterhouse 1972) suggested that the most 

important parameters of fretting wear, which distinguish it from other forms of wear are: stroke, 

which is the amplitude of relative displacement between two contacting bodies, restricted 

opportunity for the wear products to scape, and the contacting area’s relative velocity that 

should be much lower during fretting than during sliding wear. Uhlig et al. (Uhling 1954) 

believed that fretting wear consists of two main terms where the first one is chemical based 

and the other is a mechanical process. Waterhouse and Taylor (Waterhouse and Taylor 1974) 

suggested that the delamination process effectively contributes in the material removal in the 

next stages of fretting. The effects of various parameters and variables on the process of fretting 

wear were also investigated. Collins et al. (Collin and Macro 1964) reported that there are up 

to fifty parameters that can affect fretting wear. First, contact conditions such as loads, slip 

amplitude, frequency, duration, and geometry. Second, environmental conditions such as 

temperature, humidity, and lubricant. Third, material properties and behaviour, such as 

hardness, strength, fatigue, ductility, and so on. Hence, the preventive methods, which can be 

taken to reduce or to eliminate damage due to fretting wear, are diverse. Fretting wear can be 

suppressed by geometry modification of components and changing the contacting materials 

(Waterhouse 1992). Using the appropriate lubricant is the other solution to reduce the fretting 

wear (Sato, Shima et al. 1988). Additionally, surface treatments and coating are the other 

possible solutions to fretting damage (Bill 1978, Harris, Overs et al. 1985). 
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Several studies have been developed to propose wear and fretting wear models. For this 

purpose, it is very important to deeply understand mechanisms and the mechanics of wear and 

fretting wear. 

So far, it is generally accepted that wear mechanisms, such as adhesion, abrasion, fatigue and 

corrosion, can act in conjunction with one another to damage the surfaces. The relative 

influence of different wear mechanisms may even change as the fretting process continues. The 

fretting wear mechanism occurs in three stages as a function of time (Hurricks 1970, 

Waterhouse 1992): 

 The initial stage: In the first thousand cycles of metal-on-metal contact, the major 

mechanism is metal transfer and adhesion, which results in local welding, roughening of the 

surface and high friction. 

 Debris generation: The oxidised debris begins to accumulate at the interface and the metal-

on-metal contact and coefficient of friction decrease. If the oxidised particles are harder than 

the surface metal, the abrasive action begins. 

 The steady state: The coefficient of friction becomes more or less constant. The abrasive 

action of wear particles is decreased by the formation of compacted debris beds. 

There are some important parameters that affect fretting wear: 

1- Amplitude of displacement: It is the maximum relative displacement which differs from 

the actual slip of the contact interface. For the first time, Waterhouse (Waterhouse 

1992) developed some experimental tests to define the borders between wear and 

fretting wear. They concluded that the value of the wear rate is insignificant when the 

amplitude is below 10 µm. On the other hand, when the amplitude is more than 100 µm 

it is quite above the fretting limit, and such a process should be considered as a 

reciprocating wear sliding. In contrast, some researchers suggested that the upper limit 

of the fretting wear stroke is about 300 µm (Soderberg and Vingsbo 1987, Xushou, 

Chuenhe et al. 1989). This difference seems to be a result of the different parameters 

such as material properties, frequency and normal load. 
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2- Normal force: Some researchers such as Wright, Feng et al. and Reed et al. (Feng and 

Uhilg 1954, Glascott, Stott et al. 1984) suggested that in a constant value of slip 

amplitude, the wear rate is linear depending upon the applied normal force. However, 

Waterhouse (Watrehouse 1985) found that the effect of the normal force should be more 

complicated than just a linear behaviour. Actually, he concluded that small change in 

the normal load can considerably affect the mode of fretting. Additionally, Iwabuchi 

(Iwabuchi 1991) investigated the change of the wear volume with and without 

considering the contact surface particles. He suggested that when there are no particles, 

load increasing causes the wear rate to increase. When particles exist on the surface 

area, the effect of the normal force is different. In this condition, when the normal force 

is gradually increased, the wear damage increases due to the higher abrasion at higher 

loads. If the load is further increased, there will be a kind of rapid compaction and 

agglomeration of the particles, and will reduce the wear rate.  

 

3- Contact geometry: Contact geometry can affect the dimension of the real contact area 

and the amount and positions of the stress concentration. The other effect of the surface 

geometry is related to the trapping and escape of the wear debris. Waterhouse argues 

that cases such as spheres on flat, or crossed cylinders have more of an ability to push 

out the debris. 

 

4- Frequency: Soderberg et al. investigated the influence of the frequency on fretting 

damages. They suggested that in the partial slip situation, the increase in the interfacial 

strain rate at high frequencies causes an increase in corrosion and fatigue damage. 

However, in the total slip condition, there is no significant influence. On the other hand, 

Berthier et al. (Berthier, Vincent et al. 1989) argued that the effect of the frequency is 

highly dependent on the type of materials, third body formed, and also dynamic 

environment.  

Fretting contact mechanics is dependent on stresses and deformation under fretting conditions. 

There are two important features in any fretting conditions: first, a cyclic tangential force and 

second, slip between the contacting surfaces. In such conditions, the following two general 

cases can occur:  
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 Gross slip in which the tangential force is equal to the limitation frictional value (𝑇 =

𝜇𝑃). 

 Partial slip in which the tangential force is less than the limiting frictional force (𝑇 <

𝜇𝑃) (Figure 1.9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9- Outline for tangential wear: medium carbon steel flat against 52100 bearing steel ball (Zhu and Zhou 

2011). 
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Sackfield et al. (Sackfield and Hills 1983) studied the contact mechanics of a cylinder sliding 

in a direction perpendicular to its axis. Using Hertzian theory, they proposed formulations that 

computed the width of the contact area and contact pressure (Figure 1.10).  

 

 

 

 

 

 

Figure 1.10- Fretting wear contact (McColl, Ding et al. 2004) 

 

𝑎 = [
4𝑃𝑅

𝜋𝐸∗
]
1
2⁄

           (1.1) 

𝑃0 = [
𝑃𝐸∗

𝜋𝑅
]
1
2⁄

           (1.2) 

Where, in these equations, a is half the contact area width, P is the applied normal load, E* is 

the composite modulus of the two contacting bodies, P0 is the maximum contact pressure, and 

R is the relative curvature. 

Cattaneo and Mindlin have proposed a solution for the partial slip. They assumed that the shear 

traction at any point on the interface cannot be higher than the limiting friction. They 

considered that the interface is divided into two areas, a circular region (𝑟 ≤ 𝑐), in which the 

surfaces are stuck together, and an annular region(𝑐 ≤ 𝑟 ≤ 𝑎) where the slip occurs. For these 

two areas they have proposed two different equations for the shear traction. The extent of the 

central stick zone c is given by: 

𝑐 ⁄ 𝑎 = [1 − 𝑇/(µ𝑃)]1/2          (1.3) 

In the area where the surfaces slip(𝑐 ≤ 𝑟 ≤ 𝑎), the shear traction given by: 
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𝑞(𝑟) =
3µ𝑃

2𝜋𝑎2
[1 −

𝑟2

𝑎2
]
1/2

          (1.4) 

In the stuck area (𝑟 ≤ 𝑐) the shear traction is given by: 

𝑞(𝑟) =
3µ𝑃

2𝜋𝑎2
{[1 −

𝑟2

𝑎2
]
1/2

−
𝑐

𝑎
[1 −

𝑟2

𝑎2
]
1/2

}        (1.5) 

 

 It should be considered that analytical solutions can only be obtained for very limited cases of 

contact problems. Therefore, many numerical methods have been developed to investigate 

more complicated load structures and geometries. Nowell et al. (Johnson and Johnson 1987) 

proposed a numerical method based on integral equation to analyse some contact arrangements. 

Additionally, some analytical contact studies have been developed based on the simplified 

constitutive plasticity models. They have been mostly based on the perfectly plastic theories 

and/or kinematic strain hardening (Ponter, Hearle et al. 1985, Johnson 1995, Kapoor 1997). 

But there are two problems in using these kinds of models for investigating fretting. The 

admitted limitation of these theories is that they cannot calculate the magnitude of the strain in 

each cycle. Moreover, since the loading considered is far greater than the experienced in a 

typical fretting situation, they cannot appropriately analyse the fretting problems.  

1.4.1 Modelling 

Wear is a dynamic process that is a combination of surface and material properties, operating 

conditions, stresses and geometry. Three important wear models have been proposed to 

describe the wearing behaviour.  

Barwell et al. (Barwell 1958) proposed wear equations in an empirical type that was directly 

taken from experimental tests. They proposed three equations in which the wear rate was 

defined as functions of time. They suggested that wear rate can be computed by one of these 

three equations. 
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𝑉 =
𝛽1

𝛼1
{1 − exp(−𝛼1𝑡)}          (1.6) 

𝑉 = 𝛼1𝑡            (1.7) 

𝑉 = 𝛽1exp(𝛼1𝑡)           (1.8) 

Where V is the wear rate volume, 𝛼1is a material constant, t is time and 𝛽 is a surface parameter. 

Although these equations are limited to the range for which tests are conducted, the accuracy 

of these experimental tests is more than analytical models (Meng and Ludema 1995). 

Archard (Archard 1953) proposed a wear model based on contact mechanics. He defines wear 

volume as a function of sliding distance and normal force. Oqvist developed a numerical model 

to simulate a reciprocating contact condition between a cylinder and flat made of steel (Barwell 

1958). Having the ability of being localised, Archard’s model has been used in different 

analytical and computational models. Based on Archard’s equation a stepwise procedure was 

used to calculate the properties of contact. Johansson (Johansson 1994) proposed a finite 

element model to compute the wear rate. He developed a contact algorithm in which he used 

Archard’s equation where the contact pressure was in relation with geometry changes. In his 

algorithm, Archard’s model can be expressed as: 

𝑑ℎ = 𝑘𝑝𝑑𝑆           (1.9) 

Where dh is wear depth increment, k is wear coefficient, p is contact pressure and dS is slip 

distance increment.  

Goryacheva et al. (Goryacheva, Rajeev et al. 2000) developed a numerical model based on 

Archard’s model to simulate the partial slip condition for a two-dimensional case.  

McColl et al. (McColl, Ding et al. 2004), proposed a finite element model to simulate fretting 

wear in a pin-on-disc set up, based on Archard’s equation. They performed a cylinder-on-flat 

test and the material was a high-strength steel alloy (Figure 1.11). They compared the surface 

profiles, caused by fretting wear, in the FE model and experimental tests with each other, and 

validated their model quite accurately. They conducted wear tests for different normal loads 

of 185 N, 500 N, 1670 N and the amplitude of sliding for all cases was 50 µm. To verify their 

model, they conducted several experimental tests, for different numbers of fretting cycles 

(Figure 1.12). 
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Figure 1.11- Schematic figure of the test design (McColl, Ding et al. 2004) 

 

 

 

 

 

 

Figure 1.12- Comparison of FE results and experimental results for damaged surface at 1670 N normal load 

(McColl, Ding et al. 2004) 

They also presented the variation of contact pressure during the process of fretting wear, which 

can also provide the contact length variation (Figure 1.13). 
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Figure 1.13- Variation of contact pressure with increasing number of fretting wear cycles under 185 N normal 

load (McColl, Ding et al. 2004) 

Their results revealed that in the first 1000 wear cycles, the variation rate of contact stress 

and contact width is more significant compared to rest of the test. Where, in the first 1000 

cycles, the contact width increased by about 100% and the peak contact pressure decreased 

by 40%.  

There are also some other fretting wear models based on the energy approach or elastic-plastic 

shakedown response of materials (Fouvry, Kapsa et al. 1996, Fouvry 2001). In this model, the 

volumetric wear is related to the accumulated activation energy caused by traction force and 

energy wear coefficient, which is a material property. 

Recently, very limited studies, on the subject of hip joint implants, have developed adaptive 

finite element models (adaptive finite element methods control mesh design during the process 

of solution to provide more accurate results) to simulate the fretting wear process in the head-

neck junction.  

1.5 Assembling process in the head-neck junction 

The potential of the occurrence of fretting depends on the strength of the head-neck junction 

(junction’s resistance to relative motion) achieved during the assembly process, as well as the 
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complex loads applied during daily activities (Mroczkowski, Hertzler et al. 2006). The ability 

of the taper junction to resist torsional loads is more important/just as important as the ability 

to resist axially applied forces (Jauch, Coles et al. 2014, Farhoudi, Oskouei et al. 2015). Hence, 

the strength of the head-neck junction and the different parameters, which can contribute in the 

junction strength, have been investigated in some previous studies. Pennock et al. (Pennock, 

Schmidt et al. 2002) have investigated the effect of varying impaction force, repeated 

impactions, and fluid contamination on the disassembly strength of Morse-type tapers. They 

used different impactions (applied using a 1.4 kg drop hammer) to assemble the head-neck 

junction and a uniaxial pull-off load was applied to disassemble the junction. They concluded 

that there was a linear relationship between the taper junction assembly force and the 

disassembly load (Figure 1.14). This study revealed that different parameters, such as surface 

roughness, taper mismatch, and taper angle, play an important role in the head-neck junction’s 

strength. However, there are several variables that can be controlled by a surgeon, such as the 

number of impactions and whether the junction is wet or dry (Figure 1.15), which can influence 

the junction’s strength. 

Lieberman et al. (Lieberman, Rimnac et al. 1994) analysed the head-neck taper interface in 

forty-eight implants with three different designs of retrieved hip prostheses. In cases where the 

femoral head was still assembled to the stem, they performed pull-off testing to measure the 

disassembling force. They concluded that the improvement of the head-neck mating surfaces’ 

tolerance can increase the taper junction’s strength. This strength, by decreasing the micro-

motion and fluid at the taper interface, can result in preventing corrosion. 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Lieberman%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=8131330
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Figure 1.14- Pull-off force versus drop height for four cases (Pennock, Schmidt et al. 2002) 

 

 

 

 

 

 

 

Figure 1.15- Data show the effect of wet versus dry assembly conditions on the strength of taper (Pennock, 

Schmidt et al. 2002) 

Jauch et al. [31] investigated the influence of material coupling and assembly condition on the 

magnitude of micro-motion, at the interface of a modular hip junction for the two combinations 

of CoCr head-Ti neck and CoCr head-CoCr neck. They found that using a titanium neck and 

contaminated interference increases the micro-motion between the head and neck, which can 

result in increasing the risk of fretting and corrosion. Figure 1.16 shows that the magnitude of 

micro-motion in the case with the Ti neck is 50% more than that in the case with the CoCr 
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neck, in clean conditions. Moreover, the micro-motion of the junction with the Ti neck in the 

contaminated condition is 116% more than when it is assembled in the clean condition. 

 

 

 

 

 

 

 

Figure 1.16- Relative micro-motion in the head-neck junction for cases with different material coupling and 

assembly conditions (Jauch, Huber et al. 2011) 

Rehmer et al. (Rehmer, Bishop et al. 2012) experimentally investigated the influence of 

assembly process and material combination on the torsional and axial strength of the head-neck 

junction for three combinations of CoCr head-Ti neck, CoCr head-CoCr neck and Ceramic 

head-Ti neck. The mismatched angles reported for each combination in their study was 0.024° 

for CoCr-CoCr, 0.015° for Ti-CoCr, and 0.043 for Ti-Ceramic. Each case was subjected to 

different assembling processes. A different number of impactions applied by rubber and 

metallic hammers were used to assemble the junctions. For each case, a uniaxial pull-off force 

and twist-off moment were applied to disassemble the junctions. Figure 1.17 shows the pull-

off force versus assembly force for CoCr-CoCr junction. Figure 1.18 demonstrates the turn-off 

moment versus assembly force for different specimen. 

Moreover, a quasi-static push-on force was also applied to assemble each junction sample. In 

line with the results, they suggested that a sufficient head-taper junction can be achieved by 

minimal impaction forces of 4 kN. Additionally, because the CoCr head-CoCr neck 

combination has a lower strength against torsional moments, more attention should be paid to 

the assembly of CoCr heads on CoCr tapers. 
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Figure 1.17- Pull-off force versus assembly force for CoCr-CoCr junction (Rehmer, Bishop et al. 2012) 

 

 

 

 

 

 

 

 

 

 

Figure 1.18- Turn-off moment versus assembly force for different material combinations (Rehmer, Bishop et al. 

2012) 
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However, they didn’t discuss the importance and role of the different parameters that contribute 

to the strength of the head-neck junction. Moreover, the reason behind different torsional 

strengths in junctions with a Ti neck and a CoCr neck wasn’t disclosed. It seems that there still 

is a lack of investigation about the effects of different parameters on axial and torsional 

strengths of the head-neck junctions in hip joint implants.  

Despite there being several studies, which have been developed to investigate different aspects 

of the assembling process and different parameters that can influence it, there is still a need to 

determine the influence of assembling process on the head-neck junction’s mechanical 

environment. The assembling process can directly affect the junction’s mechanical properties, 

such as contact stress, relative micro-motion and contact length, which can accordingly 

influence the fretting wear process in the head-neck junction. 

1.6 Finite element modelling of head-neck junctions 

Generally, finite element models, which have been proposed for the head-neck junction of hip 

replacement, can be divided into two categories. The first kind of model aims to investigate the 

mechanical behaviour of the junction subjected to just one cycle of loading. These models try 

to investigate the influence of parameters such as assembly and gait loads, mismatched angles, 

material combination and geometry parameters on the junction’s mechanical responses. These 

types of simulations usually do not consider the influence of the cyclic nature of fretting wear. 

Recently, the finite element method has been used to predict the amount of material loss in the 

taper junction as a result of fretting wear over a few million cycles of loading. These types of 

FE models try to consider the influence of the cyclic nature of fretting wear on the surface 

damage of the head-neck junction interface, using adaptive finite element models. This section 

reviews the latest FE models developed for both mechanical behaviour and fretting wear at the 

head-neck junction. 
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1.6.1 Mechanics of head-neck junction 

To better understand the potential fretting environment of the head-neck junction, there is a 

need to determine stress, strain and displacement distributions, particularly shear stresses and 

relative interface micro-motions. Due to the complex geometry, frictional contact, and 

complicated nature of mechanical loadings (assembly load, and loads of physical activities), 

finite element (FE) modelling is a convenient and effective method to interrogate the 

mechanical environment. In the area of modular taper junctions of hip implants, several finite 

element simulations have been developed to evaluate the mechanical responses of the 

contacting components. Chu et al. (Chu, Elias et al. 2000) developed an FE model to investigate 

a taper junction subjected to gait load levels. They concentrated on relative micro-motions and 

stress distribution. However, they neglected the angular mismatch in the junction and assumed 

that there is a perfect fit at the cone-sleeve interface. 

Dyrkacz et al. (Dyrkacz, Brandt et al. 2015) developed an FE model to investigate the 

parameters that contribute to the magnitude of the relative micro-motion at the head-neck 

junction interface. The process of their simulation included assembling parts, applying 3300 N 

of compression load and 100 N of tension load, which were applied with 30° of uniaxial 

direction (Figure 1.19).  

 

 

 

 

 

 

 

 

 

Figure 1.19- Schematic figure of Dyrkacz et al.’s (Dyrkacz, Brandt et al. 2015) model 
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The micro-motion of the head’s centre was measured and presented for different cases of 

head size, taper size, assembly force angle of loading and distance between centres of head 

and neck (Figure 1.20). 

 

 

 

 

 

 

 

 

 

Figure 1.20- Micro-motion of the head for (a) different head size and material combinations (b) different 

assembly force (c) different taper sizes (d) different distance between centres of head and neck (Dyrkacz, Brandt 

et al. 2015) 

Their results showed that increasing the head size, assembly force and taper size can increase 

the relative micro-motion. Additionally, they concluded that the relative micro-motion of the 

mixed alloy material combination is more than that of combinations in which the head and neck 

are made of one alloy (Dyrkacz, Brandt et al.). 

One of the most critical parameters, which effectively contributes in mechanical properties of 

the head-neck junction, is the mismatch angle of taper junction components. This parameter 

especially affects the contact behaviour of the junction (Langton, Sidaginamale et al. 2012). 

Kassim Abdullah (2010) developed a non-linear finite element model to investigate relative 

motion in a modular head-neck junction. It was concluded that parameters such as assembly 

load, friction and angular mismatch have significant effects on the micro-motion between the 
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head and neck under gait loading. It was shown that, by increasing the assembly load from 0 

to 5500 N, the maximum magnitude of the maximum micro-motion decreases from 28 µm to 

16 µm. Moreover, the magnitude of maximum micro-motion for a case with no angular 

mismatch was more than 40 µm, while this magnitude is less than 30 µm for cases with positive 

or negative angular mismatch. Donaldson et al. (Donaldson, Coburn et al. 2014) performed a 

stochastic finite element simulation on the head-neck junction for which 400 unique models 

were assessed using realistic variations of design variables, material properties and loading 

parameters to predict the fretting work (frictional work which is done over gait cycles). The 

fretting work was correlated with only three parameters: angular mismatch, centre offset and 

body weight. For verifying the model, they applied an axial impaction load at 45º off-axis to 

two sets of taper-trunnion pairs and measured the micro-motions. But, the specimens were 

made of 6061 aluminium at a 3:1 size scale. Since the FE model included different materials 

(CoCr head and Ti neck), and dimensions with respect to the verification experiments, the 

fretting prediction results may not be completely reliable.  

Bitter et al. (Bitter, Khan et al. 2017) developed a combined experimental and finite element 

study to analyse the influence of assembly load on the fretting wear mechanism in total hip 

replacement. They developed their model for assembly forces of 2 kN, 4 kN, and 15 kN. They 

reported a drop in the fretting wear as the assembly forces increased. In their results, although 

they reported the pattern of the wear, they did not calculate the material loss volume. They also 

developed a one cycle FE model for three daily activities. According to the modified version 

of Archard’s equation, they used contact pressure and relative micro-motion to produce a wear 

score parameter. However, their model was not able to track the fretting wear process, over the 

several cycles of sliding. They concluded that wear is more affected by relative micro-motion 

compared to contact pressure (Figure 1.21). 
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Figure 1.21- Micro-motion FE contour for different activities (Bitter, Khan et al. 2017) 

 

A literature survey confirms that FE simulations of the head-neck junction require further 

improvements to approach real situations and achieve a realistic mechanical behaviour. These 

studies were limited to exploring the contact mechanics of the junction subjected to a single 

gait loading cycle.  

1.6.2 Finite element models for fretting wear 

As mentioned before, adaptive FE models have been recently used to simulate the fretting wear 

process of the head-neck junction. 
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Zhang et al. (Zhang, Harrison et al. 2013) developed a 2D axisymmetric model of the head-

neck junction to predict wear in high cyclic gait loading. They applied a uniaxial cyclic load to 

simulate the gait loading. The material combinations were a CoCr head with a direct metal 

laser sintering (DMLS) Ti-6Al-4V neck and a CoCr head with a forged Ti-6Al-4V neck. DMLS 

Ti-6Al-4V was found to be more resistant to fretting wear. They provided the graphs of contact 

pressure, wear depth and slip versus number of cycles for each case. However, their model was 

a uniaxial model and therefore, the cyclic load had only a uniaxial component (Figure 1.22). 

 

 

 

 

 

 

Figure 1.22- The axisymmetric fretting wear model (Zhang, Harrison et al. 2013) 

 

English et al. (English, Ashkanfar et al. 2015) developed an FE model to estimate the amount 

of material loss and contact pressure at a head-neck junction subjected to several million cycles 

of a walking gait loading. They used a CoCr head and titanium neck combination with a perfect 

contact between the head and neck. In their model, an energy based equation of wear was used 

to quantify the material loss volume. In this equation, wear is dependent on dissipated energy, 

over the process of fretting wear and the energy wear coefficient which is a material property. 

In this study, the head-neck junction was first assembled with a 4 kN impaction force and then 

was subjected to several million cycles of walking gait loading. To verify this model, they used 

an observation method to compare the results of their simulation with the retrieved prostheses 

(Figure 1.23). They also presented the graph of the wear depth versus number of cycles. 

 

 

http://www.sciencedirect.com/science/article/pii/S0301679X13000674
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Figure 1.23- Observation method used by English et al. (English, Ashkanfar et al. 2015) to verify their 

simulation method 

In another work, (English, Ashkanfar et al. 2016) investigated the effect of assembly force on 

the wear behaviour. To this end they used the FE model developed in their previous work to 

investigate the effect of the assembly force on material loss. They developed a simulation for 

each case of assembly and, for every case, the diagram of volumetric wear rate versus number 

of cycles was reported (Figure 1.24). It was reported that with increasing the impaction force 

to at least 4 kN, a significant reduction in the amount of wear debris can be achieved. They 

suggested that increasing the impaction force up to 4 kN provides the best condition of 

assembly regarding reducing the material loss caused by fretting wear. 

 

 

 

 



1.6 Finite element modelling of head-neck junctions 33 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.24- Volumetric wear rate with respect to assembly load (English, Ashkanfar et al. 2016) 

Ashkanfar et al. (Ashkanfar, Langton et al. 2017) also investigated the influence of the micro-

grooved trunnion stem surface finish on the fretting wear process in head-neck junction. To 

this end, they developed an FE simulation for two femoral stem models, one with machined 

micro-grooves and the other with a smooth trunnion surface finish, both coupled with a 36mm 

diameter CoCr femoral head with a smooth tapered surface finish. For both models they 

presented the graph of volumetric wear rate versus number of cycles (Figure 1.25). They 

concluded that the smooth interface provides better performance, regarding the reduction of 

material loss. 
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 Figure 1.25- The graph of volumetric wear rate versus number of cycles (Ashkanfar, Langton et al. 2017)  

1.7 Research gap 

As mentioned before, due to exposing implants for long durations to cyclic loading of daily 

activities, material loss related factors, complexity of the junction geometry and mechanical 

loads, it is very hard and expensive to study the fretting wear mechanism through in vitro tests. 

Hence, finite element (FE) simulations appear to be more convenient and practical methods for 

studying fretting wear and material loss in hip implants’ modular junctions. 

Regardless of there being different FE studies, which have been developed to investigate the 

head-neck junction’s mechanics, there is still a need to determine the junction’s mechanical 

parameters, such as relative micro-motion, contact pressure, shear stress, fretting work and 

contact length. This can be further used to develop more realistic in vitro tests and FE 

simulations of fretting wear. 

To date, the adaptive models were able to estimate the volume of the material loss caused by 

mechanical fretting wear. However, the material combinations used in the previous models 
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included CoCr for the head and titanium for the neck. More importantly, all the simulations 

that have been developed to date are based on the material properties (such as wear coefficient 

and friction coefficient) obtained in a dry condition, while implants work inside the corrosive 

environment of the human body. Also, mismatched angles at the junction has often been 

neglected in previous finite element studies, despite its important effect on the interface’s 

mechanics, and thus, potentially on the fretting wear.  

It is widely accepted that the damage of the head-neck junction of THR is a combination of 

mechanical fretting wear and electrochemical corrosion, known as mechanically assisted 

corrosion (fretting corrosion). A literature review confirms that, to date, no finite element 

model has been developed to simulate the fretting corrosion phenomenon in contacting surfaces 

of metallic materials, under fretting wear loading and in a corrosive environment where 

passivation and repassivation repeatedly occur. Therefore, the development of a new model, 

with both fretting wear and electrochemical corrosion phenomena, for metallic interfaces even 

for a simple geometry (e.g. pin-on-disc) is currently importantly needed to establish a model 

for the interrelated processes of fretting and corrosion, which can be used for real geometry 

and applications, like taper junctions. 

1.8 Research objectives 

 Developing a reliable three-dimensional finite element model that is able to simulate the 

mechanical behaviour of the head-neck junction.  

 Mechanical response of the head-neck junction subjected to the loading of daily activities. 

 Defining the most critical section of the junction and its corresponding loads, which can be 

used to develop a two-dimensional fretting wear model. 

 Developing a two-dimensional adaptive finite element model to simulate the fretting wear 

process of the head-neck junction in a simulated physiological body fluid. 

 Using the adaptive new FE model to investigate the influence of mismatched angles and 

assembly force on material loss. 

 Developing a new FE fretting corrosion model which is able to simulate mechanically 

assisted corrosion of metallic interfaces.  

  





1.8 Research objectives 37 

 

37 

 

 



38 Three dimensional finite element model of the head-neck junction 

 

38 

 

Chapter 2 Three dimensional finite element model 

of the head-neck junction  

 

 

  

  

   

 

 

 

 

 

 

 

 

 

This chapter is based on the following publication: 

Fallahnezhad, K.; Farhoudi, H.; Oskouei, R.H.; Taylor, M. Influence of geometry and 

materials on the axial and torsional strength of the head–neck taper junction in modular hip 

replacements: A finite element study. Journal of the Mechanical Behavior of Biomedical 

Materials 2016, 60, 118-126. 

 



2.1 Overview 39 

 

39 

 

2.1 Overview 

In this chapter, a three dimensional explicit FE model of an isolated femoral head–neck 

junction was developed to simulate the real geometry of the head and neck components with a 

non-linear frictional contact and elastic-plastic properties of the mating materials. The FE 

model was verified by experimental assembling and disassembling tests conducted by Rehmer 

et al (Rehmer, Bishop et al. 2012). Two further combinations of CoCr head-Ti neck and CoCr 

head-CoCr neck were investigated in this study with the same geometries of the models that 

were used in Rehmer’s  tests (Rehmer, Bishop et al. 2012), but with different mismatch angles. 

In this chapter, the model was then used to investigate the mechanics of the head-neck junction 

in order to understand which parameters contribute to the axial and torsional strength of the 

interface.  

2.2 Materials and methods  

A three dimensional (3D) finite element model of an isolated head–neck junction was generated 

using ABAQUS 6.13 (Figure 2.1). In order to verify the model, a set of experimental test results 

on assembling and disassembling of the head and neck components was replicated (Rehmer, 

Bishop et al. 2012). A 12/14 taper was modelled and two material combinations were 

simulated: CoCr head/Ti neck, and CoCr head/CoCr neck. Table 2. 1 presents the angles and 

mismatch angles for the material combinations. 

The experimental assembly process was replicated, where three different assembly loads were 

used to assemble the head-neck junction. These loads were applied at a rate of 500 N/s. The 

disassembly processes were also replicated to assess the pull-off force and the twist-off 

moment. For the pull-off test, the neck was displaced at a rate of 0.008 mm/s and the resulting 

reaction force was determined. For the twist-off test, the neck was rotated (with zero axial load) 

at a rotation rate of 0.1 º/s and the resultant moments were determined. The peak pull-off force 

and peak twist-off moment were then recorded to compare with the experimental tests. In the 

model, the external surface of the head was constrained in all directions and the bottom face of 

the neck was subjected to the loads and torques. 
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Figure 2.1– (a) Modular hip joint implant components; and (b) Geometry and dimensions of the head-neck 

junction used in the FE model. 

 

Table 2.1. Angles of the head and neck components and their mismatch angles (Rehmer, Bishop et al. 2012). 

Components  Angle [º] 

CoCr neck  2.834 

Titanium neck  2.843 

CoCr head  2.858 

 

Combinations (head/neck)  Mismatch Angle [º] 

CoCr/CoCr  0.024 

CoCr/Ti  0.015 

 

An explicit (dynamic) FE analysis was utilised in the simulation using ABAQUS/Explicit. The 

explicit analysis was preferred because implicit methods require an extra computation for every 

time step; thus, they need larger time steps to implement. A “fixed mass-scaling” method was 

used to decrease the solution time. Mass-scaling must be used carefully to ensure that the inertia 

forces do not dominate and change the solution. To avoid this, kinetic energy was monitored 
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during the solution to ensure that the ratio of the kinetic energy to internal energy was always 

less than 10% (Documentation). 

Contact was implemented between the femoral head and neck using a finite sliding 

formulation; and a surface-to-surface discretization method was used to apply this formulation. 

To represent the contact pressure, a Lagrange multiplier formulation was implemented. It is 

noted that the friction coefficient may not be constant and can vary in the junction under cyclic 

loading during its operation (Zhang, Harrison et al. 2013, Zhang, Harrison et al. 2014). 

However, as a simplification, friction coefficients were considered to be constant during the 

loading process. This was found to be an appropriate assumption for this study because of a 

good agreement achieved between the simulation and experimental results. A friction 

coefficient of 0.3 was applied between the Ti neck and CoCr head; and, CoCr neck CoCr head 

using a penalty method (Swaminathan and Gilbert 2012, Donaldson, Coburn et al. 2014).  

Models were meshed with quadratic tetrahedral elements (C3D10M in ABAQUS) (Figure 2.2). 

The size of the elements was refined several times in order to obtain a converged solution. 

Accordingly, the size of the elements in contact surfaces was defined to be 0.15 mm. An elastic-

plastic material model was used for CoCr properties (ISO 5238-12) with a Young’s modulus 

of 210 GPa , Poisson’s ratio of 0.3, yield stress of 910 GPa, tensile ultimate stress of 1350 GPa 

and tensile elongation of 15% (Davis 2000).  

For the titanium alloy, an elastic-plastic material model (ISO 5832-3) was used to cover 

plasticity of the material in the model. A Young’s modulus of 103 GPa, Poisson’s ratio of 0.3, 

yield stress of 900 GPa, tensile ultimate strength of 959 MPa and tensile elongation of 15.1% 

were used for the titanium model. Considering the mentioned mechanical parameters, the 

stress-strain behaviour of these alloys was considered to be elastic-linear plastic. The following 

parameters were assessed: pull-off force; twist-off moment; contact length (CL) which 

represents the level of interaction between the head and neck components after assembly and 

contact pressure.  
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Figure 2.2– Meshing structure in the head and neck models. 

 

2.3 Results  

2.3.1 Verification of finite element simulations 

The numerical results were compared with the experimental results of the same head-neck 

combinations under the same assembly loads reported by Rehmer et al. (Rehmer, Bishop et al. 

2012) (Figure 2.3). An increasing linear trend was seen for both the pull-off and twist-off loads 

versus the assembly loads. In general, the higher assembly load, the greater pull-off and twist-

off in both the CoCr and Ti head-neck combinations. The pull-off force was found to be similar 

in both CoCr/Ti and CoCr/CoCr under the same assembly loads (Figures 2.3a and 2.3c); 

whereas, twist-off moments in CoCr/Ti was longer than that of in CoCr/CoCr by approximately 

36%. 
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Figure 2.3– Comparison of simulation and experimental results: (a) Pull-off load in CoCr head/Ti neck junction, 

(b) Twist-off moment in CoCr head/Ti neck junction, (c) Pull-off load in CoCr head/CoCr neck junction, (d) 

Twist-off moment in CoCr head/CoCr neck junction (experimental data points were from (Rehmer, Bishop et al. 

2012)). 

The simulation results were found in good agreement with the experimental results for both 

pull-off and twist-off loads in different material combinations. The Mean Absolute Error 

(MAE) was determined for different cases to be between 4% and 10%. The best agreement was 

found for the pull-off loads in the CoCr/CoCr junction (Figure 2.3c). Also, both twist-off 

graphs suggest that the FE simulations tend to over-predict the twist-off moment. Given a 

considerable range in the experimental pull-off forces and twist-off moments under the same 

assembly loads, the FE predictions with their calculated MAEs were found to be in close 

agreement. Furthermore, to more clarification of coefficient of friction effect on simulation 

results, the pull-off force and twist-off moment were simulated for one case with assembling 

load of 3000 N, CoCr/CoCr material combinations and three friction coefficient of 0.2, 0.3 and 

0.45 which is demonstrated in Figure 2.4 of appendix. With changing the coefficient of friction 

from 0.30 to 0.20, the pull-off force increased by 10.4% and the twist-off moment decreased 
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by 10.6%. With changing friction coefficient from 0.30 to 0.45, the pull-off force reduced by 

9.1% and the twist-off moment increased by 10.6%. 

 

 

 

 

 

 

 

 

Figure 2.4– Pull-off force and twist-off moment determined for CoCr head/CoCr neck junction assembled with 

3000 N with three friction coefficients of 0.20, 0.30 and 0.45. 

 

2.3.2 Stress analysis under assembly load  

No plastic deformation was found in the assembling process in all the head-neck combinations 

and all the deformations were in the elastic region of both the materials even under the highest 

assembly force. Figure 2.5a shows the contacting area between the CoCr head and titanium 

neck after an assembly force of 2840 N. As the Pressure stress contours show, the contact area 

contains localised stresses with a maximum magnitude of 407 MPa in this case. Over the 

contact area of the neck, the contact length was found to be in the range of 0.75 to 1.58 mm in 

different head-neck combinations as a result of varying assembly forces (Figure 2.5b). It was 

observed that the contact length increased as a function of assembly force. Moreover, the 

contact length was greater for the CoCr head/Ti neck combination, and the difference between 

CoCr/Ti and CoCr/CoCr increased with increasing assembly forces. This means that the 

titanium neck had the longest contacting region when matched with the CoCr head under the 

highest assembly load.  
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Figure 2.5– (a) Pressure contours in the CoCr head/Ti neck junction under 2840 N assembly force (stresses in 

Pa) along with pressure profile in the contacting area which determines contact length (CL) in the junction, (b) 

contact length (CL) in different head-neck combinations under different assembly forces. 

 

The assembling process of the head and neck was understood to be considered as a press-fit 

process for which the dominant stress component in the contacting region was the pressure 

stress. This stress component was found to indicate that how firmly the head and neck are 

connected together. Figure 2.6 shows that how this pressure stress changes over the neck length 

as a result of its contact with the head. It is obvious that the pressure stress has its maximum 

magnitude at the first section (where the interaction between the head and neck initiates) 

because of a high stress concentration. The maximum pressure stress in all the head-neck 

combinations ranged from 375 MPa to 715 MPa. This maximum magnitude increased with 

increasing the assembly load. Generally, CoCr/CoCr combinations, which had a bigger 

mismatch angle compared to CoCr/Ti, had greater maximum pressure stresses under the same 

assembly load. This stress decreased significantly in magnitude over the contact length while 

it was still positive. After passing the contacting area, the pressure stress became negative for 

a few millimetres which then approached zero at points further away from the contacting 
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section. The presence of the negative pressure stress was understood to be because of the 

Poisson's effect and the bending load caused by the conical geometry of the neck and loading 

system. With increasing distance from the first section, this bending load decreased and the 

pressure stress tended to become zero. The point at which the pressure stress became zero for 

the first time represented the boundary between the contacting area and non-contacting area 

within the head-neck junction. 

 

 

 

 

 

 

 

 

 

 

 

 

  

http://en.wikipedia.org/wiki/Poisson's_ratio
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Figure 2.6– Pressure stress versus distance from the first section of the neck: (a) Ti neck/CoCr head under 2840 

N push-on load, (b) Ti neck/CoCr head under 1890 N push-on load, (c) Ti neck/CoCr head under 3800 N push-

on load, (d) CoCr neck/CoCr head under 1890 N push-on load (e) CoCr neck/CoCr head under 2840 N push-on 

load, (f) CoCr neck/CoCr head under 3800 N push-on load. 

2.4 Discussion  

The axial and torsional strengths of the head-neck junction are important in controlling fretting 

and corrosion. For the geometries and material combinations explored in this study and 

experimentally (Rehmer, Bishop et al. 2012), there was little difference in the axial pull-off 

strength, but the torsional strength was higher for the CoCr-Ti combination. Generally, the 

contact pressure stress and contact length were found as two important parameters that are 

responsible for this behaviour. 

 The contact length at the CoCr/Ti junction was longer in comparison with the CoCr/CoCr 

junction under the same assembly loads (Figure 2.5 b). This was understood to be because of 

the difference in the mismatch angle of the junctions and the modulus of elasticity of titanium 

and CoCr. As the mismatch angle of the CoCr/CoCr junction was larger, the contact length was 



48 Three dimensional finite element model of the head-neck junction 

 

48 

 

expected to be shorter than CoCr/Ti. Additionally, modulus of elasticity of Co–28Cr–6Mo 

alloy (240 GPa) is much greater than that of Ti–6Al–4V (112 GPa). This elastic characteristic 

causes the titanium neck to have more flexibility and create more interaction with the head 

compared to the CoCr neck during the assembling process. In addition, the pressure stress in 

the CoCr neck was greater than the Ti neck, particularly at the initial section of contact. This 

could be because of the difference in the mismatch angles. As the mismatch angle in 

CoCr/CoCr is bigger, the stress concentration particularly at the first contacting points is higher 

than CoCr/Ti.  

The pull-off force was similar for the two material combinations (Figure 2.3), but the twist-off 

moment was significantly different. When a twist-off moment was applied to disassemble the 

junction, it decreased the friction force between the head and neck. Simultaneously, the vertical 

component of the pressure stress between the head and neck could overcome the friction force 

and pushed the head off of the neck (Figure 2.7). Under the twist-off moment, because of the 

conical geometry and complex three dimensional state of stress in the contact area, there was 

a lateral deformation of the femoral neck. Figure 2.8 shows the radial deformation contours 

with a scale factor of 200 in the Ti neck after an assembly load of 3700 N and when twist-off 

reached its maximum value of 19.8 Nm. Because of this lateral deformation, the pressure stress 

between the head and neck increased. Figure 2.8 shows the product of the average pressure in 

contact area (𝑃𝑎𝑣𝑒) and the contact length (𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡) in two stages: after assembly load and 

when twist-of moment is maximum. It can be understood from Figure 2.9 that the 𝑃𝑎𝑣𝑒 . 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 

parameter increases when the twist-off moment reaches its maximum value. But, the 

percentage of this growth is more significant in the CoCr/Ti combination compared to 

CoCr/CoCr.  

 

 

 

 

 

 

 

Figure 2.7– Free body diagram of the neck under pull-off and twist-off loads. 



2.4 Discussion 49 

 

49 

 

 

As the 𝑃𝑎𝑣𝑒 . 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 parameter has a direct relation with friction force, when 𝑃𝑎𝑣𝑒 . 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 

increases, a larger twist-off moment is required to overcome the friction force between the head 

and neck. Thus, the maximum twist-off moment was higher in the CoCr/Ti junction. A 

comparing between “𝑃𝑎𝑣𝑒 . 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 in maximum point” (Figure 2.9) and “maximum twist-off 

moment” (Figure 2.3) for two combinations, reveals that they have similar trends. For instance, 

under an assembly load of 2840 N, the 𝑃𝑎𝑣𝑒 . 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 in CoCr/Ti was 38% bigger than that of 

in CoCr/ CoCr and maximum magnitude of twist-off moment in CoCr/Ti was 42% higher 

compared with the CoCr/ CoCr junction. On the other hand, when the junction is disassembled 

by an uniaxial load, there is no such a lateral deformation, and hence the amount of 

𝑃𝑎𝑣𝑒 . 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 is steady. As can be seen in Figure 2.9, at the first point of the time axis (end of 

the assembling process) there is no significant difference in the 𝑃𝑎𝑣𝑒 . 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡  parameter 

between the two combinations under different assembly forces. Accordingly, there is no 

significant difference in the uniaxial strength between the two combinations. 

  

Figure 2.8– Radial deformation contours in the Ti neck with a scale factor of 200: (a) after assembly load of 3700 N, (b) 

when twist-off moment reaches its maximum value (19.8 Nm) (radial displacements are in m). 
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Figure 2.9– Variation of the 𝑃𝑎𝑣𝑒 . 𝐿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 after assembly and maximum value of the twist-off for the two material 

combinations subjected to varying assembly forces. 

 

To understand the main reason for this behaviour, further simulations were performed through 

which two mismatch angles were applied to both material combinations (Figure 2.10). It can 

be seen from Figure 2.10 that the mismatch angle plays the most significant role in determining 

the twist-off moments and not the material combination. Decreasing the mismatch angle from 

0.024° to 0.015° in CoCr/CoCr increased the torsional strength very significantly (109% under 

3800 N) which was even higher than the torsional strength achieved by CoCr/Ti with the same 

mismatch angle.        
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Figure 2.10– Twist-off moment versus assembly force for two mismatch angles and two material combinations. 

 

Figure 2.11 shows torque is plotted against the twist angle for CoCr/CoCr combination 

assembled with push-on load of 2840 N. The torque-twist curve of the other cases also had the 

same trend. From the behaviour of torque-twist plot, it can be understood that until slip is 

initiated (coincident with maximum torque), elastic torsion is the dominant component of twist 

angle and the contribution of nonlinear micro motions at the contact surface were very small. 

After slip initiation between the contact surfaces, the torque which is required for relative twist 

motion started to decrease. The maximum value of twist-off moment for each case was 

demonstrated in Figure 2.3. 

 

Figure 2.11– Moment versus twist angle for CoCr/CoCr combination assembled by push-on force of 2840 N. 
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2.5 Summary 

A three dimensional finite element model of an isolated femoral head–neck junction was 

developed to explore the assembly and disassembly procedures, particularly the axial and 

torsional strengths for different material combinations and geometries. Under the same 

assembly load, the contacting length between the CoCr head and titanium neck was greater 

than that of in CoCr/CoCr. The contact length in the titanium neck was more sensitive to the 

assembly force when compared to the CoCr neck. For instance, with increasing the assembly 

force from 1890 to 3700 N, the contact length increased by 88% for CoCr/Ti and 59% for 

CoCr/CoCr junctions. The torsional strength of the junction is related to the lateral deformation 

of the neck material due to the applied moment. The angular mismatch existing between the 

head and neck components was found to play the main role in the torsional strength of the 

junction. The smaller mismatch angle the higher torsional strength. It is suggested to consider 

reducing the mismatch angle, particularly in CoCr/CoCr junctions, and ensure a sufficiently 

high assembly force is applied by impaction for this combination.   
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Chapter 3 The head-neck junction subjected to 

mechanical loads of daily activities 

  

  

 

   

   

  

  

  

 

 

 

 

 

 

This chapter is based on the following publication: 

Fallahnezhad, K.; Farhoudi, H.; Oskouei, R.H.; Taylor, M. A finite element study on the 

mechanical response of the head-neck interface of hip implants under realistic forces and 

moments of daily activities: Part 2, Journal of the Mechanical Behavior of Biomedical 

Materials 2017, 77, 164-170. 

 



54 The head-neck junction subjected to mechanical loads of daily activities 

 

54 

 

3.1 Overview 

To date, many retrieval studies as well as in-vitro tests have been conducted to understand the 

occurrence and intensity of the fretting wear damage to the head and neck materials (Viceconti, 

Ruggeri et al. 1996, Viceconti, Baleani et al. 1997, Duisabeau, Combrade et al. 2004, 

Maruyama, Kawasaki et al. 2005). Geometric and mechanical parameters such as taper angle 

mismatch, head size, assembly force, head centre offset, body weight, material combination 

and surface finish were found as the main factors that play a role in fretting wear (Goldberg, 

Gilbert et al. 2002, Grupp, Weik et al. 2010, Langton, Sidaginamale et al. 2012, Del Balso, 

Teeter et al. 2015, Pourzal, Hall et al. 2016, Hothi, Eskelinen et al. 2017). The head-neck taper 

junction provides a complex three dimensional (3D) mechanical environment in which there 

are 6 degree of freedom loads (forces and moments), frictional contact and a tapered geometry 

with a mismatch angle. At present, in-vitro tests are performed under idealised conditions 

which may or may not reflect the in-vivo mechanical environment. Pin-on-disc tests have been 

performed across different ranges of normal contact stress and micro-motion ((Swaminathan 

and Gilbert 2012), (Maruyama, Kawasaki et al. 2005)). This raises the important question of 

what range of micro-motions and normal stresses should be used in these simplified in-vitro 

tests to represent the mechanical environment at the interface of the head and neck components 

under realistic loads of daily activities.        

Although direct measurements of the mechanical environment are difficult, finite element (FE) 

analysis can be used to gain an understanding of the contact pressure and micro-motion 

throughout an activity (Chu, Elias et al. 2000, Donaldson, Coburn et al. 2014, Zhang, Harrison 

et al. 2014, Dyrkacz, Brandt et al. 2015). To achieve a reliable FE model, a precise loading 

pattern is of paramount importance. Some previous experimental studies have presented hip 

gait loading patterns induced by routine activities (Bergmann, Deuretzbacher et al. 2001, 

Bergmann, Graichen et al. 2004). Farhoudi et al. (Farhoudi, Oskouei et al. 2015) developed an 

analytical method to determine bending and torsional moments acting on the head-neck 

junction as a result of frictional sliding between the head and cup. Although there have been 

several studies on the geometric parameters and also loading parameters such as assembly force 

(Rehmer, Bishop et al. 2012, English, Ashkanfar et al. 2016), strength of the head-neck junction 

against torsional moments (Jauch, Coles et al. 2014) and mechanical behaviour of the junction 
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subjected to walking cyclic loading (Donaldson, Coburn et al. 2014), the influence of the 

loading regimes caused by different physical daily activities on the mechanical environment of 

the head-neck junction has not been  investigated yet. Furthermore, the effect of the bending 

and torsional moments produced by the frictional sliding of the head and cup on the mechanical 

response of the head-neck junction is still unknown.   

This chapter aims to evaluate the mechanical behaviour of the head-neck taper junction, in 

particular a CoCr/CoCr junction with a 12/14 taper design and a proximal mismatch angle of 

0.024° that is subjected to mechanical loads of common daily activities. A range of contact 

stresses and relative micro-motions will also be determined which may be accordingly used in 

relevant in-vitro tests to represent a wide range of routine activities for this type of taper 

junction. 

3.2 Materials and methods  

The three-dimensional FE model of the head-neck junction that was developed in the previous 

chapter, and was verified by a set of experimental results (reported in (Rehmer, Bishop et al. 

2012)), was further developed to investigate the mechanical behaviour of the head-neck 

junction subjected to the loads associated with six different activities of daily living: knee 

bending, sit to stand, stand to sit, stair up, stair down and one leg standing. It is noted that the 

results for walking are presented and discussed in (Farhoudi, Fallahnezhad et al. 2017), 

however, some comparisons and discussions are reported in this chapter.   

As described in the previous chapter, in this study, a 12/14 taper with a proximal mismatch 

angle (in which the head angle is larger than neck angle)  of 0.024° (Rehmer, Bishop et al. 

2012) was modelled for a CoCr head/CoCr neck material combination. The simulation was 

accomplished in two stages. At the first stage, a 4 kN uniaxial push-on load was applied to 

assemble the head and neck components; and at the second stage, the loading of each activity 

was applied. As shown in Figure 3.1, the forces and moments in this model were applied to the 

neck while the external surface of the head sphere was fixed in all directions. For each activity, 

a combination of the forces (Bergmann, Deuretzbacher et al. 2001) and moments produced by 

the head and cup frictional sliding (Farhoudi, Oskouei et al. 2015) were applied to the head-

neck junction (Figure 3.2). Micro-motion and contact pressure are found as the most important 
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mechanical parameters which can control fretting wear and thereby fretting corrosion (McColl, 

Ding et al. 2004, Swaminathan and Gilbert 2012). Accordingly, fretting work, as the resultant 

of friction coefficient, contact pressure and micro-motion, can help to understand how different 

loading regimes might result in damage to the head-neck materials. Therefore, a python code 

was developed to extract the contact pressure and micro-motion data of the contacting nodes 

at a critical loading instance during the gait cycle (the instance at which the resultant load and 

contact stress were maximum). Moreover, a MATLAB code was developed to compute relative 

displacements of the nodes in the contact area. 

 

 

 

 

 

 

 

 

Figure 3.1– The head-neck taper junction model under three dimensional force and moment components. 
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Figure 3.2– Force and moment profiles [26, 27] for: (a) Stair up, (b) Stair down, (c) Sit to stand, (d) Stand to sit, 

(e) One leg standing, and (f) Knee bending activity cycles. 

3.3 Results  

Figure 3.3 shows the distribution of contact stresses (contact pressure) in the superolateral 

region of the neck under the maximum resultant load of the six studied activities. The 
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superolateral region of the neck was found as the most critical region in terms of stress 

magnitudes and the size of contacting area. The contours clearly show the contacting area of 

the neck with the head where the contact stresses are positive. For a better demonstration of 

the contact area in the contours, the maximum magnitude of the contact stress was limited to 

700 MPa for all the activities. This means that a very thin band from the proximal edge of the 

neck, at which there is a very high stress concentration, was excluded from the contours. 

However, the maximum magnitude of the contact stress is still included in the legend of the 

contours.  

Figure 3.4 illustrates fretting work per unit of area (J/m2) versus the length and perimeter of 

the neck for all the activities. It can be seen that the proximal side of the neck, which is firmly 

fixed to the head (because of the assembly force), has the maximum fretting work in all the 

activities. Figure 3.4 also shows that in stair up, stair down and one leg standing, the distal side 

has higher levels of fretting work compared with the middle side of the neck (between the 

proximal and distal sides). This is due to the bending effect caused by the loading pattern in 

these three activities. As shown in Figures 3.2(a,b,e), the maximum magnitude of Fy and Fz, 

that are dominant forces, is approximately 1,500 N for stair up, stair down and one leg standing, 

while for the other activities, these are about 1,000 N. Therefore, for stair up, stair down and 

one leg standing, Fy and Fz are big enough to cause bending over the neck length which 

influences more the distal side and makes a contact between the head and neck in this side as 

well.  
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Figure 3.3– 

Contact stress distribution in the superolateral region of the neck at the critical loading instance (when the resultant 

load and contact stress were maximum): (a) the head-neck junction with its regions, (b) stair up, (c) stair down, 

(d) sit to stand, (e) stand to sit, (f) one leg standing, and (g) knee bending. Stresses in Pa. (Maximum 
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Figure 3.4– Fretting work per unit of area (J/m2) versus the length and perimeter of the neck at the critical loading instance 

(when the resultant load and contact stress were maximum): (a) regions and angles over the neck surface, (b) Stair up, (c) 

Stair down, (d) Sit to stand, (e) Stand to sit, (f) one leg standing, and (g) Knee bending. 

In Figure 3.4, the superolateral region was found as the most critical region of the neck in terms 

of fretting work. The maximum values of fretting work in each division of the neck length over 

the neck circumference were identified and shown in the profile of each activity with small red 

circles. The track of the fretting work maximum values over the length of the neck for all the 
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activities is shown in Figure 3.5. The same method was used to produce similar graphs for 

normal contact stresses, shear stresses and relative micro-motions.   

 Figure 3.5– Maximum values of fretting work per unit of area (J/m2) across the neck circumference versus the neck length.  

As can be seen in Figure 3.5, the maximum fretting work per unit of area for all the activities 

occurred at the proximal side. Stair up had the highest fretting work per unit of area 4,720 

(J/m2). This was followed by stair down, sit to stand, one leg standing, knee bending and stand 

to sit activities with 4320,  4020, 3140, 2520 and 2320 (J/m2), respectively. While for stand to 

sit, knee bending and sit to stand, the fretting work per unit of area becomes zero after 

approximately 5-8 mm from the proximal side, for the other three activities, the fretting work 

is non-zero over the entire length of the neck and increases in magnitude at the distal side.  

As Figure 3.6 shows, the highest contact pressure (2,500 MPa) is induced by one leg standing; 

and knee bending causes the lowest contact pressure (1,940 MPa) both at the highly stressed 

edge of the proximal side. However, all contact stresses drop significantly to less than 500 MPa 

immediately after this edge (only 0.4 mm away) for the remainder of the neck length towards 

the distal side. A similar pattern is observed for shear stresses (a reduction from 563 MPa to 

less than 100 MPa right after the edge), as shown in Figure 3.7.  
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 Figure 3.6– Maximum magnitudes of contact stress (pressure) across the neck circumference versus the neck length. 

 

 

 

 

 

 

 

 

 

Figure 3.7– Maximum magnitudes of shear stress across the neck circumference versus the neck length. 

 

As demonstrated in Figure 3.4, the superolateral region was the most critical region for all the 

activities. Stair up, stair down and one leg standing were the three activities in which the 

contacting area was greater compared to the other activities. From Figure 3.6, the contact length 

over the neck surface for the activities can be found as: 4.4 mm (stand to sit), 4.6 mm (knee 
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bending), 8.2 mm (sit to stand), 16 mm (one leg standing, stair up and stair down). The last 

three activities made a complete longitudinal contact between the head and neck in the 

superolateral region. Figure 3.8 shows the contact stress contours of the head for stair up and 

sit to stand as two activities that can represent the activities with a complete and incomplete 

contact between the head and neck, respectively, at the critical loading instance. The legend of 

the contours was limited to 400 MPa to better demonstrate the contact area. Unlike the sit to 

stand activity, there is a complete longitudinal contact in the superolateral region of the head 

for stair up.  

 

 

 

 

 

 

 

Figure 3.8– Contact stress (Pa) contours of the head for: (a) Stair up, (b) Sit to stand. (Maximum stress is always at the 

proximal edge of the head, however, to better demonstration, maximum magnitude of the contact stress was limited to 400 

MPa for both activities). 

 

As mentioned previously, fretting work per unit of area could be a good indicator for comparing 

the effect of various activities on the fretting wear of the junction, as its formulation includes 

both the relative micro-motion and contact stress components. The area under the curve of 

fretting work per unit of area (Figure 3.5) was computed for each activity. This gives fretting 

work per unit of length (FWPUL). The bar chart of Figure 3.9 shows FWPUL calculated for 

all the activities including walking. Stair up was found as the most critical activity with the 

highest FWPUL (1.62×104 J/m), while knee bending and stand to sit with 1.96×103 J/m had 

the lowest FWPUL. Such a 720% difference between these activities indicates the effect of 

type of physical activity on the fretting wear of the head-neck junction. The FWPUL for 

walking was also computed as 1×104 J/m.  
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Figure 3.9– Fretting work per unit of length determined for each activity. 

 

It can be seen from Figure 3.10 that the relative micro-motions for the studied activities are not 

more than 32 μm which is related to stair up. It is also obvious from this figure that the relative 

micro-motion for stair up, stair down and one leg standing is remarkably higher than the other 

activities particularly in the distal side of the neck. 

Figure 3.10– Maximum values of relative displacement across the neck circumference versus the neck length. 
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Figure 3.11 shows the maximum contact stresses versus their corresponding relative 

displacements and the maximum relative displacements versus their corresponding contact 

stresses at several divisions through the neck length. From this figure, it can be understood that 

most of the critical points of the neck have a contact stress in the range of 0-350 MPa and a 

relative displacement in the range of 0-32 μm. It is noted that for each activity, there is a data 

point having a high contact stress which was due to the stress concentration at the edge of the 

proximal side of the neck. Therefore, these points were excluded from the reasonable ranges 

as shown with the red lines.  

 

Figure 3.11– Maximum contact stresses and maximum relative displacement through the neck length for different activities. 

3.4 Discussion  

As pointed out in the previous section, superolateral sector was the most critical sector of the 

junction, in aspects of having the higher magnitude of contact stress and fretting work. This 
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can be fully justified by focusing on the loading structures of different activities. Figure 3.2 

shows that Fy (toward junction axis) and Fz (toward superolateral sector) are the most dominant 

load components that are being applied to the junction. The significant magnitude of Fz has 

caused superolateral sector to become the most critical sector of the junction. 

It was found from Figure 3. 10 that after stair up and stair down, walking was the most critical 

activity. Generally, it can be said from Figure 3.10 that activities in which patients raise one 

leg for a while during a cycle of the activity, such as stair up, stair down, one leg standing and 

walking, have greater FWPUL values in comparison with the activities having both legs in 

contact with the ground. This could be explained by the load components of each activity 

(Figure 3.2). For stair up, stair down and one leg standing, their Fy and Fz components reach 

approximately 1,500 N during the gait cycle. This amount of force not only increases the 

normal and shear stresses between the contacting surfaces, but also can lead to a complete 

contact between the head and neck, due to the bending caused by the Fz component. 

 In Figure 3.11, the contact stress and micro-motion ranges obtained for the six activities were 

close to the contact stress and micro-motion ranges obtained for the walking activity in the first 

part of this paper (275 MPa for contact stress and 31 μm for micro-motion). This may suggest 

that to develop in-vitro tests close to the real mechanical environment of the head-neck 

junction, the contact pressures and relative micro-motions should be within the range of 350 

MPa and 32 μm, respectively, so that most common daily activities of a patient are covered in 

the tests. Comparing these findings with previous in-vitro tests, Swaminathan et al. 

(Swaminathan and Gilbert 2012) applied greater magnitudes (contact stresses of 0-1,100 MPa 

and micro-motion of 50 µm) which are found to be conservative. In another pin-on-disc study 

(Maruyama, Kawasaki et al. 2005), the micro-motion was 25 µm which is well in the range of 

micro-motions suggested by the present work. Moreover, the contact stresses were 1 MPa, 3 

MPa and 5 MPa which seem very low for the 350 MPa range in this work. In a pin-on-disc 

experiment conducted by Geringer et al. (Geringer, Forest et al. 2005), they applied micro-

motion of 40 µm, while the contact surface was under normal stress of 12-25 MPa. In this 

experiment, although micro-motion is very close to the proposed range, applied normal stresses 

are too low to cover the proposed range of stress, in this study. This study can help to 

understand fretting wear related parameters and accordingly the severity of the damage and its 
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location that may be caused by mechanical fretting wear. Referring to wear relations such as 

Archard equation (Eq. 1), 

𝑉

𝑆
= 𝑘

𝐹

𝐻
          (3. 1) 

where V is the lost volume, S is the amplitude of sliding, k is the wear coefficient, F is the 

normal force and H is the hardness of material (Archard 1953), it is apparent that the volume 

loss is directly proportional to the normal load (normal stress) and amplitude of the relative 

micro-motion. Hence, these two parameters that are investigated in this study can be good 

indicators of the damage caused by fretting wear.  

 It should be noted that in this work a particular design and a CoCr/CoCr material combination 

was used. Moreover, assembly force of 4 kN and a medium walking loading regime was 

applied to the junction. To have a more comprehensive range of results, further research is 

required to investigate the influence of variation of the mentioned parameters on mechanical 

behavior of the junction. In addition, the behavior of the head neck junction under cyclic 

loading and the influence of rhythmic loading on the junction need to be investigated. 

3.5 Summary 

The 3D FE model, developed in the Chapter 2 was used in this chapter to investigate 

mechanical responses of head-neck interface under forces and moments of real daily activities. 

The activities included stair up, stair down, sit to stand, stand to sit, one leg standing and knee 

bending. To present the real mechanical environment of the junction, in addition to the force 

components, the frictional moments produced by the frictional sliding of the head and cup were 

applied to a CoCr/CoCr junction having a 12/14 taper with a proximal mismatch angle of 

0.024°. This study revealed that stair up with the highest fretting work per unit of length 

(1.62×104 J/m) was the most critical activity, while knee bending and stand to sit with 

1.96×103 J/m were the least critical activities. For all the activities, the superolateral region of 

the neck was identified as the most critical region in terms of having larger values of fretting 

work per unit of area. This study showed also that the relative micro-motions and contact 

stresses occurring at the head-neck interface for all the studied activities are mostly in the range 

of 0-38 μm and 0-350 MPa, respectively. These ranges may be accordingly employed for 
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conducting relevant in-vitro tests to more realistically represent the mechanical environment 

of taper junctions with the same materials and geometry studied in this work. 
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Chapter 4 Development of fretting wear model for 

the head-neck junction 

 

 

 

 

 

  

 

 

 

 

 

This chapter is based on the following publications: 

Fallahnezhad, K.; Oskouei, R.H.; Badnava, H.; Taylor, M. An adaptive finite element 

simulation of fretting wear damage at the head-neck taper junction of total hip replacement: 

The role of taper angle mismatch. Journal of the Mechanical Behavior of Biomedical Materials 

2017, 75, 58-67. 

 

Fallahnezhad, K.; Oskouei, R.H.; Badnava, H.; Taylor, M. The influence of assembly force 

on the material loss at the head-neck junction of hip implants in physiological body fluid 

subjected to cyclic fretting wear. Manuscript being submitted to Materials. 
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4.1 Overview 

As was mentioned in Chapter one, the metallic debris caused by fretting corrosion can have 

adverse effects on local tissues (Doorn, Campbell et al. 1998, Walter, Marel et al. 2008, 

Oskouei, Fallahnezhad et al. 2016). Hence, the amount of material loss in the head-neck 

junction over the life of implant inside the body together with the mechanism of fretting wear 

in this junction are important problems for investigation. This has been the subject of several 

in-vitro studies (Viceconti, Baleani et al. 1997, Duisabeau, Combrade et al. 2004, Maruyama, 

Kawasaki et al. 2005, Grupp, Weik et al. 2010). Using a pin-on-disc set-up, Maruyama et al. 

(Maruyama, Kawasaki et al. 2005) investigated the fretting wear behaviour of CoCr on CoCr 

in both air and a phosphate buffered saline (PBS) solution. They applied a 25 µm reciprocating 

displacement under contact normal stresses of 1 MPa, 3 MPa and 5 MPa. There was less wear 

damage in PBS compared to that of in air. Moreover, the coefficient of friction was larger in 

PBS (approximately double). Duisabeau et al. (Duisabeau, Combrade et al. 2004) performed 

fretting wear experiments on Ti-6Al-4V and 316L stainless steel in air and Ringer’s solution. 

They concluded that the solution has a significant effect on the fretting regime such that 

introducing a corrosive lubricant leads to the modification of the fretting regime.   

Due to the long exposure of implants to cyclic loading of daily activities, material loss related 

factors, complexity of the junction geometry and mechanical loads, it is very hard and 

expensive to study the fretting wear mechanism by means of in-vitro tests. Hence, finite 

element (FE) simulations have been recently developed as a more convenient and practical 

method for studying fretting wear and material loss in modular junctions of hip implants  

(Donaldson, Coburn et al. 2014, Zhang, Harrison et al. 2014).  

Elkins et al. (Elkins, Callaghan et al. 2014) investigated the stability and trunnion wear in large 

diameter metal-on-metal hip implants. Based on a previously validated finite element model, 

they reported that with increasing the head diameter, the stability of the head-neck junction can 

improve; however, it will increase the wear. They performed all the simulations under only one 

cycle of sit-to-stand loading. They also used a perfect contact (zero mismatch angle) between 

the head and neck components, as no mismatch angle was reported in their work. It is however 

noted that there is always a subtle mismatch between the head and neck taper angles which can 

provide an interference fit to lock the junction (Bisseling, Tan et al. 2013, Hernigou, Queinnec 

http://www.sciencedirect.com/science/article/pii/S0043164803005222
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et al. 2013, Hussenbocus, Kosuge et al. 2015). English et al. (English, Ashkanfar et al. 2015) 

developed a FE model to estimate the amount of material loss and contact pressure at a head-

neck junction subjected to two million cycles of a walking gait loading. They used a CoCr head 

and titanium neck combination with a perfect contact between the head and neck. In another 

work (English, Ashkanfar et al. 2016), they investigated the effect of assembly force on the 

wear behaviour. It was reported that with increasing the impaction force to at least 4 kN, a 

significant reduction in the amount of wear debris can be achieved. Zhang et al. (Zhang, 

Harrison et al. 2013) developed a 2D axisymmetric model of the head-neck junction to predict 

wear in high cyclic gait loading. They applied a uniaxial cyclic load to simulate the gait loading. 

The material combinations were a CoCr head with a direct metal laser sintering (DMLS) Ti-

6Al-4V neck and a CoCr head with a forged Ti-6Al-4V neck. DMLS Ti-6Al-4V was found to 

be more resistant against the fretting wear. 

The material combinations used in the previous models included CoCr for the head and 

titanium for the neck. Also, all the simulations that have been developed to date are based on 

the material properties (such as wear coefficient and friction coefficient) obtained in a dry 

condition. More importantly, mismatch angle at the junction has been neglected in previous 

finite element studies, in spite of its important effect on the mechanics of the interface and thus 

potentially on the fretting wear.  

This chapter aims to develop an adaptive FE model to simulate fretting wear at the head-neck 

junction of hip implants. To this aim, a FORTRAN code was developed to apply Archard 

equation to the head-neck junction interface, through the UMESHMOTION ABAQUS 

subroutine. The model was used to explore the influence of the junction environment (dry and 

phosphate buffered solution (PBS) conditions) to compare the fretting wear behaviour of the 

head-neck junction in both conditions. 

4.2 Materials and methods  

The material combination used in this study was a CoCr head with a CoCr neck. A two 

dimensional model was developed to simulate the fretting wear process at the most critical 

section of the head-neck junction. The key steps in the development of this model are given in 

Figure 4.1.  

http://www.sciencedirect.com/science/article/pii/S0301679X13000674
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Figure 4.1– The algorithm of the key steps implemented in the development of this model. 

4.3 Verification of the fretting wear code 

To model the fretting wear, a FORTRAN code was developed that can control the position of 

the surface nodes through the ABAQUS UMESHMOTION subroutine within an adaptive 

meshing constraint. The Archard wear equation was the main formulation that was used in this 

simulation (Eq. 1). 

𝑉

𝑆
= 𝑘

𝐹

𝐻
          (4.1) 

where V is the lost volume, S is the amplitude of sliding, k is the wear coefficient, F is the 

normal load and H is the material hardness. The Archard wear law was originally proposed by 

Archard (Archard 1953), and was validated for a wide variety of materials under sliding wear 

by Archard & Hirst (Archard and Hirst 1956). This model has the ability to become localized, 

and therefore can be used by finite element method. Moreover, the Archard equation has been 

used to simulate fretting wear through numerical methods such as finite element by previous 

researchers and has been verified by experimental tests (Johansson 1994, Ding, Leen et al. 

2004, McColl, Ding et al. 2004). 

The algorithm of this code was previously used by McColl et al. (McColl, Ding et al. 2004) 

and Ding et al. (Ding, Leen et al. 2004) to model fretting wear in a pin-on-flat system. They 



4.3 Verification of the fretting wear code 73 

 

73 

 

presented surface profiles after different cycles of fretting wear tests. To verify the 

UMESHMOTION code, which was used to simulate fretting wear in the head-neck junction of 

this work, a pin-on-flat model was first developed which was very similar to the Ding’s models 

in terms of material, geometry, element size, meshing structure, normal load and sliding 

frequency and amplitude. The surface profiles of the flat were produced and compared with the 

ones that were presented by Ding et al. (Ding, Leen et al. 2004) (Figure 4.2). Good agreement 

was found between the profiles that verified the UMESHMOTION code and its accuracy used 

in this study. The surface of the disc after the fretting wear process was evaluated (Figure 4.3) 

and compared with the results reported by Ding et al. (Ding, Leen et al. 2004). Table 1 provides 

a comparison between the results of this study and those presented by Ding et al. (Ding, Leen 

et al. 2004) in terms of the width and height of the wear profile for the disc which shows a very 

good level of agreement verifying the UMESHMOTION code and its accuracy used in this 

study. 

 

 

 

 

 

 

Figure 4.2– Verification of the fretting wear code developed in this work: (a) meshing structure of the model in 

this study, and (b) a comparison between surface profiles of the flat component presented by Ding (Ding, Leen 

et al. 2004) and those produced in this study. 
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Figure 4.3– The distribution of displacement in Y axis (in meters) representing material removal from the 

surface of the disc under a normal force of 1,200 N and a sliding amplitude of 10 µm after 18,000 cycles of 

fretting wear. 

 

Table 4.1 The width and height of the wear profile for the disc after various fretting wear test cycles; a 

comparison between the computational results of this work and those presented by Ding et al. (Ding, Leen et al. 

2004). 

 

Wear profile 

parameters on the 

surface of the disc  

After 1,000 

cycles 
After 5,000 cycles After 18,000 cycles 

Results of this work 
Width, w (mm) 0.3512 0.7123 0.9331 

Height, h (mm) 0.0013 0.0042 0.0092 

Results reported by 

Ding et al. (Ding, 

Leen et al. 2004)  

Width, w (mm) 0.3834 0.7644 0.9754 

Height, h (mm) 0.0013 0.0042 0.0092 

4.4 FE model 

A two-dimensional plane strain model was developed to investigate the fretting wear 

mechanism in the head-neck junction. Although the two-dimensional model cannot provide the 
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volume of the lost material, it can simulate fretting wear process at the most critical section of 

the junction. This is a good indicator of the junction behaviour under cyclic gait loading. To do 

this, the most critical section of the head-neck junction subjected to level gait loading, had to 

be determined. Thus, a 3D model of the same CoCr-CoCr head-neck junction that had been 

previously developed [9] was used to analyse the junction under walking load profiles reported 

in (Farhoudi, Oskouei et al. 2015, Farhoudi, Oskouei et al. 2016). The junction had a proximal 

contact with a mismatch angle of 0.024° (Chapter 2). The materials, geometry and the 

mismatch angle of the junction were in accordance with the taper junction (12/14 taper design 

and 32 mm head) that had been measured and reported by Rehmer et al. (Rehmer, Bishop et 

al. 2012). Figure 4.4a shows the von Mises stress contours in the junction and more specifically 

in the neck under the maximum force and moment over the gait cycle. With implementation of 

a Python code, the results of contact pressures and displacements were extracted for all the 

contacting nodes of the head and neck surfaces at the maximum force and moment instance.  

A MATLAB code was then implemented to determine micro-motions (relative displacements) 

and fretting work at the contacting nodes of the interface. The results indicated that the mid-

plane of the superolateral region of the neck was the most critical section in terms of contact 

stresses and micro-motions. The corresponding load components of this critical section were 

also identified for applying to the 2D fretting wear model. The 2D meshed model and the load 

components are shown in Figure 4.5 a. The right and left sides in this figure represent the 

superolateral and inferomedial sectors of the junction, respectively. For the contact area, linear 

2D elements (4-node bilinear) were used for both the head and neck models. The main body of 

the head and neck models were also structurally meshed with the same elements except the 

layers close to the contacting layer which were freely meshed using linear 2D elements, as 

shown in Figure 4.5a. Different geometric parameters of the junction are schematically shown 

in Figure 4.5b. In this figure, contact length is illustrated and depth of wear is shown with 

exaggeration for a better visibility and presentation. A convergence study was developed to 

find the most appropriate size of the elements, particularly at the contact area in which the 

Archard equation is being applied.   A convergence study was developed to find the most 

appropriate size of the elements, particularly at the contact area in which the Archard equation 

is being applied. 



76 Development of fretting wear model for the head-neck junction 

 

76 

 

 

Figure 4.4– The most critical section of the head-neck junction subjected to walking loading: (a) von Mises 

stress distribution, stresses in Pa, and (b) corresponding load components of the critical section in the 

superolateral region. 

 

The Archard equation (Eq. 1) can be re-written as Eq. 2 by dividing both sides of the equation 

by the area: 

ℎ = 𝐾. 𝑆. 𝑝. ΔN         (4.2) 

where h is the depth of wear, K is the wear coefficient divided by hardness (k/H), p is the 

normal stress and ΔN is the load cycle update interval which will be discussed more in the 

following sections. This equation has the ability to be localized and can be used in a FE model. 

To apply the Archard equation to the head-neck model, first, the value of K for the contacting 

materials should be determined. The material combination in this study was a CoCr head with 

a CoCr neck for which a K factor for CoCr on CoCr was required. For this purpose, a set of 

experimental results conducted by Maruyama et al. (Maruyama, Kawasaki et al. 2005) were 
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used to identify the wear coefficient for the CoCr-CoCr combination. They conducted pin-on-

flat tests for different normal stresses and sliding cycles in both a dry condition and a phosphate 

buffered saline (PBS) to simulate the corrosive medium of the human body. For each testing 

condition, they applied 50,000, 200,000 and 600,000 cycles and presented the amount of 

material loss and surface profiles. Having the geometric properties of the test samples, and the 

density of CoCr alloy, and using the Archard equation, the coefficient of wear was computed 

for each case in this study. For each condition (dry and PBS), 9 wear coefficient-to-hardness 

ratios (K) were obtained. The K values for each condition were very close (with a difference of 

less than 10%). Accordingly, for each condition, the average of the K factors was used for the 

CoCr-CoCr combination in that condition. This indicated that the Archard equation was able 

to estimate the amount of material loss with a constant value of K for each condition. K values 

for dry and PBS conditions were obtained as: 

Dry condition:  𝐾 = 1.68E-14 Pa-1      

PBS:  𝐾 = 0.17E-14 Pa-1 

  

 

Figure 4.5– (a) Two dimensional meshed model of the most critical section of the junction and the applied load 

components, and (b) contact length at the interface and wear depth onto the neck surface. 

 

The friction coefficient for both conditions was based on the results reported in Maruyama et 

al. (Maruyama, Kawasaki et al. 2005). They presented graphs of the friction coefficient versus 
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number of cycles for both the dry and PBS conditions for different magnitudes of contact stress. 

Their graphs revealed that, regardless of the contact stress magnitude, the friction coefficient 

in the dry condition reaches approximately a constant coefficient of 0.30 after 100 sliding 

cycles. In the PBS condition, the friction coefficient stabilizes at 0.60 after 5,000 cycles. These 

constant friction coefficients were then used for the dry and PBS conditions in the simulations 

of the present work.   

To simulate fretting wear in a two dimensional head and neck model, an algorithm that had 

been previously verified against experimental results of Ding [16] (Section 2.1.) was used. This 

model was used to simulate the fretting wear process for four million cycles. In order to reduce 

the computation cost, an adaptive wear simulation  (Ding, Leen et al. 2004) was used which 

assumes that the wear rate remains constant during a pre-determined number of cycles (ΔN). 

After several attempts to find the most optimized ΔN, it was found that the effect of ΔN is not 

the same at different stages of the simulation. Due to the head-neck junction geometry 

(proximal and distal contact types with positive and negative angular mismatches, respectively 

(Kocagöz, Underwood et al. 2013)), at the beginning of the simulation, there are large contact 

stresses at the small contacting area which cause the effect of ΔN to become more significant. 

During the process of fretting wear, the contact area gradually increases and as a result the 

contact stresses reduce. Hence, in this model, the ΔN factor was varied during the fretting 

process. The optimized ΔN factors that were used in the simulations are shown in Figure 4.6. 

 

 

 

 

 

 

Figure 4.6– Load cycle update interval, ΔN, versus number of cycles in which ΔN is applied. 
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4.5 Optimization of load cycle update interval (ΔN) and element 

size 

Figure 4.7 illustrates the verification of the ΔN factors used for different stages of the 

simulations. In this figure, the difference between the employed load cycle update interval and 

smaller factors is presented at different stages of the simulation for a model with a proximal 

mismatch angle of 0.024° (Case 1 in Table 1). No significant differences were observed which 

could verify the accuracy of the ΔN factor used at each stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7– A comparison between the used ΔN factor and a smaller factor for case 1: (a) first 160 cycles, (b) 

between 160 and 360 cycles, and (c) between 360 and 760 cycles. 
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The size of the elements, especially at the contact area, was refined several times in order to 

obtain a converged solution. 0.10 mm was obtained as the most suitable element size (the length 

of the element edge in the critical contact region) to provide mesh-independent results. Figure 

4.8 shows the element size effect on the wear depth over the length of the neck when the size 

is reduced from 0.10 mm to 0.05 mm. A maximum of 10% was found as the difference in the 

wear depth after 4,080,000 cycles. 

 

 

 

 

 

 

 

 

 

 

Figure 4.8– A comparison between the wear depth of the neck with two element sizes (the simulations were for 

Case 1 and after completing 4,080,000 cycles of fretting wear).  

4.6 Dry and PBS conditions 

Figure 4.9 shows the variation in the lost area of the inferomedial side (left side) of the neck 

(as specified in Figure 4.5) versus the number of cycles for a perfect contact (zero mismatch 

angle) for both the dry and PBS conditions. This area loss was computed by calculating the 

area under the curve of wear depth versus the neck length. As can be seen in Figure 4.8, there 

are significant differences between the lost areas of the two conditions at different cycles. 

While the lost area for the dry condition after 4,080,000 cycles was 0.028 mm2, this value for 

the PBS condition was only 0.011 mm2. This 150% difference between these two conditions 

reveals that the assumption of dry condition for fretting wear studies is a major simplification. 

The main differences between these two conditions are in their friction coefficient and wear 
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coefficient, as specified in Section 2.2. Although friction coefficient can play an important role 

over the process of fretting wear (by influencing the sliding and shear stress parameters), 

according to the Archard wear equation, wear coefficient and hardness, together with the 

normal stress applied to the contact surface contribute directly to the amount of material loss 

caused by wear (Eqs. 1 and 2). Given the wear coefficient-to-hardness ratio of the material in 

the PBS condition was significantly lower than that of in the dry condition, the lost area of the 

PBS is lower in comparison with the dry condition. In order to develop more realistic 

simulations and avoid the major simplification of the dry condition, the fretting wear 

simulations of the head-neck junction with varying mismatch angles were further analysed only 

for the PBS condition in this study. 

 

 

 

 

 

   

  

Figure 4.9–  Area loss versus number of cycles for both dry and PBS conditions. 

 

4.7 Summary 

An adaptive finite element simulation was developed to predict fretting wear in a head-neck 

taper junction of hip joint implant through a two dimensional (2D) model and based on the 

Archard wear equation. This model represents the most critical section of the head-neck 

junction which was identified from a 3D model of the whole junction subjected to one cycle of 

level gait loading. In addition, the model was used to explore the influence of the junction 

environment (dry and phosphate buffered solution (PBS) conditions) with comparing the 

fretting wear behaviour of the head-neck junction in both conditions. The fretting wear model 
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developed in this work can be used to investigate the influence of assembly force, material 

combinations and other design parameters (e.g. head size) on the material loss. Moreover, in 

this model, loading of the other daily activities can be applied to the taper junction. This model 

will be used in the next two chapters to investigate the influence of the angular mismatch and 

assembly force on the fretting wear process and the volume of lost material in the head-neck 

junction. 
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Chapter 5 The influence of taper angle mismatch 

on material loss   

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on the following publication: 

Fallahnezhad, K.; Oskouei, R.H.; Badnava, H.; Taylor, M. An adaptive finite element 

simulation of fretting wear damage at the head-neck taper junction of total hip replacement: 

The role of taper angle mismatch. Journal of the Mechanical Behavior of Biomedical Materials 

2017, 75, 58-67. 
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5.1 Overview 

As was pointed out in the first chapter, the angular mismatch plays an important role in the 

mechanical behaviour of the head-neck junction. Based on the studies developed by previous 

researchers and the outcomes of the second chapter of this work, mismatch angle can 

significantly affect the contact length, contact pressure, relative micro-motion and shear stress 

at the interface of the head-neck junction. However, the influence of the mismatch angle on the 

fretting wear process and material loss of the head-neck junction is still unknown. In this 

chapter the fretting wear model, developed in the previous chapter, was used to investigate 

such an influence. 

5.2 The influence of mismatch angle on material loss 

The fretting wear model developed in the previous chapter was used to investigate the effect 

of mismatch angle on the fretting wear mechanism and the lost material at the critical section 

of the junction. Five different cases were investigated as given in Table 1. As mentioned 

previously, the angular mismatch of 0.024° was used according to the experimental 

measurements of the same CoCr-CoCr taper junction presented by Rehmer et al. (Rehmer, 

Bishop et al. 2012). Moreover, Donaldson et al. (!!! INVALID CITATION !!! (Donaldson, 

Coburn et al. 2014)) studied a range of angular mismatches between 0° to 0.2° in both proximal 

and distal contacts. Another mismatch angle of 0.124° was chosen in this work to represent 

approximately twice their standard deviation. Hence, a junction with an angular mismatch of 

0.124° was also modelled for both the proximal and distal contact situations. The head and 

neck, in all cases, were assembled with an assembly force of 4 kN and then subjected to FY and 

FZ force components, as illustrated in Figure 5.3b. A PYTHON code together with a MATLAB 

code were developed to compute the lost material in the form of worn area from the contacting 

surfaces at various number of cycles of walking activity (up to 4,080,000 cycles) as well as 

depth of wear over the length of the neck for each case. 
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Table 5.1 – Type of contact in the head-neck junction, and mismatch angle for five different cases studied in 

this work. 

Case Type of contact  
Mismatch angle between the 

head and neck 

1 Proximal 0.024° 

2 Proximal 0.124° 

3 Perfect 0° 

4 Distal 0.024° 

5 Distal 0.124° 

5.3 Contact pressure 

Figure 5.1 shows the variation in contact stress (pressure) over the neck length of 5 cases at 

different number of cycles. Generally, it can be seen that the contact pressure decreases with 

increasing the number of cycles. The maximum magnitude of the contact pressure for cases 1, 

2, 4 and 5 decreases from 288 , 604, 159 and 493 MPa at 80,000 cycles to 116, 186, 95 and 

130 MPa at 4,080,000 cycles, respectively. For the perfect contact (case 3 with a zero mismatch 

angle), the contact pressure does not vary significantly over the neck length. The average 

magnitude of contact pressure for case 3 at 80,000 cycles is approximately 50 MPa which 

remains almost unchanged after 4,080,000 cycles. The contact pressure graphs can also help to 

identify the contacting area between the head and neck. It is apparent that where contact 

pressure is zero, there is no contact between the head and neck. Based on this, Figure 5.2 was 

produced to show the contact length (summation of both inferomedial and superolateral sides 

of the interface) versus the number of cycles in all the cases with a mismatch angle. The contact 

length was found to increase with increasing the number of cycles, in general. The interesting 

point is that in the proximal cases, case 1 which has the smaller mismatch angle was more 

sensitive to the number of cycles compared with case 2. In contrast, for the distal cases, case 5 

which has the bigger mismatch angle was more sensitive to the number of cycles.    
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5.4 Micro-motion 

Figure 5.3 shows the relative micro-motion between the head and neck after 80,000 and 

4,080,000 cycles at areas with non-zero contact pressures. For all the cases, the micro-motion 

increases from the proximal side to the distal side. Case 2 had the largest micro-motions in 

comparison with the other cases with a range of 0.54 - 1.65 µm. It can be understood from 

Figure 5.3 that the dependence of cases 2, 3 and 4 on the number of cycles was insignificant, 

while cases 1 and 5 were more dependent on the number of cycles. The maximum difference 

between case 1 (at 80,000) and case 1 (at 4,080,000) was 0.18 µm and this was 0.1 µm for case 

5 (at 80,000) and case 5 (at 4,080,000).  
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4,080,000 

  

 Figure 5.1– Contact stress in neck versus the neck length (inferomedial and superolateral sectors) for 5 cases after different number of cycles (a-f).  
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Figure 5.2–  Contact length (summation of both inferomedial and superolateral sectors of the interface) versus 

number of cycles. 

 

Figure 5.3–  Relative micro-motion between the head and neck over the neck length for 5 different cases after 

80,000 and 4,080,000 cycles. 
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5.5 Area loss  

The lost areas in the neck and head versus the number of loading cycles are shown in Figure 5.4. 

It is evident that the trend of the lost area over cycles is almost linear for all the studied cases. The 

values of the lost area for different cases and at different cycles are almost equal in both the head 

and neck. Furthermore, Figure 5.4 indicates that with increasing the mismatch angle, the lost area 

increases in both distal and proximal contacts. For instance, when the proximal mismatch angle 

increases from 0.024° to 0.124° (cases 1 and 2) the lost area increases from 5.40E-03 mm2 to 

1.86E-02 mm2 in the neck. This increase is from 4.30E-03 mm2 to 1.17E-02 mm2 when the distal 

mismatch angle increases from 0.024° to 0.124° (cases 4 and 5). These results reveal that the 

mismatch angle has a significant effect on the amount of material loss. According to Figure 5.4, it 

can be also understood that the cases with proximal mismatch angles have larger levels of lost area 

in comparison with the cases with distal mismatch angles. After 4,080,000 cycles, the lost area in 

the neck and head for case 2 was 1.86E-02 and 1.92E-02 mm2, respectively. While these are 1.17E-

02 and 1.14E-02 mm2 for case 5. Such a difference can also be seen between cases 1 and 4. The 

results showed a total area loss ranking (from lowest to highest) of cases 4, 1, 3, 5 and 2 suggesting 

that the proximal contact with 0.124° had the highest total area loss and the distal contact with 

0.024° offered the lowest total area loss.    

Figure 5.5 and 14 shows the effect of mismatch angle on the rate and location of fretting wear (at 

different number of cycles) in the neck. Very similar depth of wear results and patterns are also 

observed for the head at the same number of cycles (Figure 5.6). These graphs not only help to 

compare the wear depth at different cases, but also show the location of the wear at the interface. 

It can be seen that the wear depths in case 2 (maximum 5.39 µm) and case 5 (maximum 3.36 µm) 

that have the bigger mismatch angle (0.124°) are significantly higher than that of in case 1 

(maximum 1.15 µm) and case 4 (maximum 1.77 µm) with the smaller mismatch angle (0.024°).  
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5.6 Stress distribution 

The von Mises stress distribution in the neck component for cases 2, 3 and 5 after 80,000, 880,000, 

2,480,000 and 4,080,000 cycles is shown in Figure 5.7. This figure shows that the equivalent 

stresses generally decrease with increasing the number of loading cycles. It is apparent that cases 

2 and 5 are more critical in comparison with case 3 in aspect of the stress magnitude. In case 2, the 

maximum equivalent stress decreased from 600 MPa (at 80,000 cycles) to 312 MPa (at 4,080,000 

cycles). This reduction was 539 to 390 MPa for case 5 and 200 to 71 MPa for case 3. The most 

critical area for case 2 was the edge of the proximal side which also had the maximum contact 

stress (Figure 5.7). For case 5, the most critical area was the distal edge in which there are 

maximum contact stresses between the head and neck (Figure 5.7). For case 3, the critical area was 

a combination of two previous cases. Although there is a perfect contact between the head and 

neck, the edge of the proximal and distal sides were the most critical regions. 
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Figure 5.4– Lost area versus number of cycles for different cases: (a) neck, and (b) head. 
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Figure 5.5–  Fretting wear in neck showing depth of wear versus the neck length at different number of cycles for both the inferomedial and superolateral sectors 

of the neck (a-f). 
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2,480,000 

  

 

4,080,000 

  

  Figure 5.6–   Fretting-wear in head (a) Area lost versus number of cycles for different cases, (b), (c), (d), (e), (f), (g), (h) and (i) Depth of wear 

versus neck length for different number of cycles. 
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4,080,000 

   

Figure 5.7– The von Mises stress distribution in the neck for cases 2, 3 and 5 at different number of cycles (stresses are in Pa).



 

5.7 Discussion  

Head-neck taper junctions of hip implants are known to experience fretting wear and corrosion 

under physiological loading in the body (Goldberg, Gilbert et al. 2002, Higgs, Hanzlik et al. 

2013). Due to the effect of fretting wear, particulate debris (in the range of micro- to nano-

meters) have been detected in the surrounding tissues (Bitounis, Pourchez et al. 2016). At 

revision surgery, particularly in cases with large amounts of metallic wear, signs of fluid 

collection, soft tissue damage and pseudotumours can be clearly seen around the implant 

(Chana, Esposito et al. 2012, Fricka, Ho et al. 2012). Chana et al. (Chana, Esposito et al. 2012), 

based on a retrieval analysis, reported that the angular mismatch in a taper junction facilitated 

the release of metal debris and consequently pseudotumour formation requiring revision. Given 

the significance of angular mismatch, in this study, an adaptive FE model was implemented to 

simulate the process of fretting wear and material loss in a CoCr-CoCr head-neck junction with 

various taper angle mismatches and in a phosphate buffered solution (PBS) condition.  

The wear results revealed that the angular mismatch between the head and neck components 

plays an important role in the location and depth of wear damage as well as the degree of 

material loss. In addition, the type of taper contact (proximal and distal) was found to play a 

role in the wear process and material loss be effective. It is noted that the assembly force 

required to connect the head and neck was kept constant as 4 kN for all the models. Also, the 

junction was subjected to two dominant load components of the level gait cycle, the axial and 

lateral loads. The lowest lost areas for both the head and neck were generated by case 4 (distal 

with 0.024°) and then case 1 (proximal with 0.024°). However, the highest worn areas were 

generated by case 2 (proximal with 0.124°) and then case 5 (distal with 0.124°). These findings 

showed that in both the studied mismatch angles, distal contact offered lower lost areas in 

comparison with the proximal contact. Importantly, the smaller mismatch angle (0.024°) 

resulted in lower lost areas (in both distal and proximal contacts) when compared to the bigger 

angle (0.124°). Case 3 (perfect contact with zero mismatch angle) was found to have an 

intermediary position between the distal and proximal contact cases with the two studied 

mismatch angles. According to the Archard equation, two parameters that can affect the wear 

damage are contact stress and amplitude of sliding (relative micro-motion between the head 

and neck in this study). Figure 5.9 shows that cases 2 and 5 with the mismatch angle of 0.124° 
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have the highest contact stresses during the process of fretting wear. Then, cases 1 and 4 with 

the mismatch angle of 0.024° have higher contact stresses compared to case 3 with zero 

mismatch angle. Case 2 has also the largest micro-motions which consequently results in the 

largest material loss.  

The other important parameter that should be taken into account, while investigating the 

fretting wear damage, is the contact length. Case 3, with a perfect contact between the head 

and neck, has the longest contact length between all cases. Hence, in spite of having 

significantly lower contact stresses compared with case 5, the lost area for these two cases 

during the fretting wear process is almost the same. The results related to cases 1 and 4 illustrate 

the effect of contact length on the fretting wear damage. Case 1 and 4 have higher contact 

stresses compared with case 3. Case 4 has even larger micro-motions in comparison with case 

3, over 4,080,000 loading cycles. However, a perfect contact length has caused case 3 to have 

a greater lost area compared to cases 1 and 4. Generally, it can be concluded that fretting wear 

damage does not have a linear relationship with the taper mismatch angle. There seems to be 

an optimum mismatch angle for both the proximal and distal contact types in which the fretting 

wear damage would be minimum. This appears to be biased towards a distal contact type; 

however, further research is required including a new series of simulations with systematically 

selected geometries offering a wide range of taper angle mismatches and a set of well-designed 

in-vitro experiments for validation.  

Contact pressure, relative micro-motion and contact length were found as the main parameters 

that contribute to the amount of material loss. These parameters can be changed and controlled 

by varying the mismatch angle at the taper junction. The results of this work (Figures 5.12 and 

13) revealed that taper designs with distal contact are more resistant to the fretting wear damage 

in comparison with proximal contact designs provided they both have the same angular 

mismatch. Although the average magnitude of contact stresses for the proximal and distal 

contacts with the same mismatch angle are very close (Figure 5.8), proximal cases have greater 

micro-motions and longer contact lengths which cause them to be more vulnerable against 
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fretting wear. The fretting wear model developed in this work can be used to investigate the 

influence of assembly force, material combinations and other design parameters (e.g. head size) 

on the material loss. Moreover, in this model, loading of the other daily activities can be applied 

to the taper junction. Such future investigations together with the results provided in this work 

can help manufacturers move towards implant designs that are more resistant to fretting wear. 

Furthermore, future studies can provide surgeons with more information about a range of 

assembly forces and selection of material combinations that may generate less fretting wear 

and material loss in the body.  

5.8 Summary 

The 2D model developed in the Chapter 4 was used to investigate the effect of angular 

mismatch between the head and neck components on the material loss and fretting wear process 

over 4 million gait cycles of walking. Generally, junctions with distal angular mismatches 

showed a better resistance to fretting wear. The largest area loss in the neck after 4 million 

cycles of loading was 1.86E-02 mm2 which was found in the junction with a proximal 

mismatch angle of 0.124º. While, the minimum lost area (4.30E-03 mm2) was found in the 

junction with a distal angular mismatch of 0.024º. Contact stress, amplitude of sliding and 

contact length were found as the key parameters that can influence the amount of material loss 

and the process of fretting wear damage. These parameters vary over the fretting wear cycles 

and are highly dependent on the type and magnitude of the taper angle mismatch. This study 

also showed that lost area does not have a linear relationship with the mismatch angle of taper 

junction. 
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Chapter 6 The influence of assembly force on the 

material loss at the head-neck junction  

 

 

  

 

 

 

 

 

 

 

 

 

 

This chapter is based on the following publication: 

Fallahnezhad, K.; Oskouei, R.H.; Badnava, H.; Taylor, M. The influence of assembly force 

on the material loss at the head-neck junction of hip implants in physiological body fluid 

subjected to cyclic fretting wear. Manuscript being submitted to Materials. 
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6.1 Overview 

The mechanical behaviour of the taper connection is dependent on a number of parameters. 

The material combination used at the taper, as mentioned in the Chapter 2, and the taper mis-

match angle (Kocagöz, Underwood et al. 2013, Donaldson, Coburn et al. 2014, Gührs, Körner 

et al. 2017) can be controlled by the design and the manufacturing process. As the components 

are assembled intraoperatively, the assembly force is important not only to avoid loosening and 

diassociation (Georgiou, Siapkara et al. 2006, Rehmer, Bishop et al. 2012) after implantation 

but also to establish a favourable mechanical environment to minimise fretting. There is 

variation between manufacturers recommendations on how to impact the femoral head 

(Ramoutar, Crosnier et al. 2017), from a single light tap to several sharp hammer blows.  The 

impaction forces generated by surgeons can varying significantly, from approx. 300N to in 

excess of 7500N (Nassutt, Mollenhauer et al. 2006).  

To date, the majority of studies (Pennock, Schmidt et al. 2002, Rehmer, Bishop et al. 2012, 

Scholl, Longaray et al. 2015, Bitter, Khan et al. 2017) investigating the influence of the 

assembly force have focussed on the dis-association force as the metric to assess the 

performance of the taper.  Assembly forces from 2kN to 15kN have been investigated and a 

linear relationship with the dis-association force has been reported (Pennock, Schmidt et al. 

2002, Rehmer, Bishop et al. 2012).  The dis-association force is always lower, varying between 

42% (Scholl, Longaray et al. 2015) and 91% (Bitter, Khan et al. 2017) of the assembly force.  

Rehmer et al (Rehmer, Bishop et al. 2012) reported a similar linear relationship between the 

assembly force and the twist off torque.  Increasing the impaction force has also been shown 

to increase the contact area  (Gührs, Körner et al. 2017) and reduce the micromotion (Dyrkacz, 

Brandt et al. 2015, Bitter, Khan et al. 2017) between the head and the trunnion. These studies 

generally suggest that a high assembly force can achieve a high degree of initial stability and 

fixation in the head-neck junction to more reliably withstand mechanical loads of daily 

activities without disconnection.  
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However, the previous studies have not addressed the important question of whether the 

assembly force has an influence on the material removal by fretting wear over an extended 

period of time. Bitter et al. (Bitter, Khan et al. 2017) developed a combined experimental and 

finite element study to analyze the influence of assembly load on the fretting wear mechanism 

in total hip replacement. They reported a drop in the fretting wear as assembly forces increase. 

In their experimental results, although they reported the pattern of the wear, they did not 

calculate the volume of the material loss. They also developed a one cycle FE model for three 

daily activities. According to the modified version of Archard equation, they used contact 

pressure and relative micrimotion to produce a wear score parameter. However, their model 

was not able to track the fretting wear process, over the several cycles of sliding. They 

concluded that wear is more affected by relative micromotion compared with contact pressure. 

Using a FE analysis, English et al. (English, Ashkanfar et al. 2015) modelled a CoCr head and 

a titanium neck with a zero angular mismatch to estimate the material loss and contact pressure 

at the junction subjected to two million cycles of walking gait loading. This work was extended 

to explore the influence of assembly force, and they reported that higher assembly forces 

resulted in lower fretting wear (English, Ashkanfar et al. 2016); however, they still used the 

critical simplification of zero mismatch angle for the junction in the dry condition. The 

materials modelled in the previous studies were CoCr and titanium for the head and neck, 

respectively. Also, the existing taper angle mismatch between the head and neck components 

has been ignored in the previous fretting wear studies; whereas, the angular mismatch has been 

found to significantly influence the mechanics of the junction; and therefore, it could have a 

significant effect on fretting wear as a mechanically driven process. More importantly, the 

previous FE simulations have assumed a dry condition for the contacting materials of the 

junction; however, the existence of the body fluid at the interface of the junction may control 

the frictional and wear characteristics which may then influence the fretting wear behaviour.   

In this chapter, the main research objective was to evaluate the effect of assembly force on the 

material loss and fretting wear process, using the adaptive FE model developed in the third 

chapter. This work aims to simulate the fretting wear process and predict the material removal 
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in a CoCr/CoCr head-neck junction through an adaptive finite element modelling approach. To 

achieve more realistic outcomes, the taper junction was modelled to have a distal contact with 

a real angular mismatch between the head and neck with the presence of a simulated 

physiological body fluid.  

6.2 Contact pressure and contact length 

As shown in Figure 6.1, with increasing the assembly force from 2,000 N to 5,000 N contact 

pressure increased in magnitude over the length of the neck, and the contacting region between 

the head and neck (contact length) also increased towards the proximal side of the neck.  This 

confirms that a higher assembly force can further push the neck into the head inducing greater 

normal contact forces; thereby, larger contact pressures and more engagement between the 

head and neck surfaces (longer contact). As more loading cycles were applied (increase in the 

number of cycles), the peak contact pressure decreased in magnitude. The maximum magnitude 

of contact pressure for cases with assembly forces of 2,000 N, 3,000 N, 4,000 N, and 5,000 N 

decreased from 206, 257, 265 and 337 MPa at 25,000 cycles to 169, 243, 258 and 294 MPa at 

1,025,000 cycles, respectively in the superolateral sector of the neck. These graphs can also 

help to investigate the contact length between the head and neck. Non-zero contact stresses at 

any region of the surface indicate that there is contact between the head and neck in that region. 

After 25,000 cycles, the percentage of the neck which is in contact with the head for cases with 

assembly forces of 2,000 N, 3,000 N, 4,000 N, and 5,000 N were 48%, 64%, 75%, and 79%, 

respectively. These total contact lengths remained almost constant after 1,000,000 cycles of 

fretting wear.  
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Figure 6.1– Variation of normal contact stress over the neck length in both superolateral and inferomedial 

sectors under different assembly forces and after 25,000 and 1,025,000 loading cycles. 

 

6.3 Micro-motions 

For all the assembly forces, the micro-motion at the contacting interface tends to increase from 

the proximal side to the distal side (Figure 6.2) and that the magnitude of the micromotion 

reduces with increasing the assembly force. The junction assembled with 2,000 N had the 
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largest micro-motions compared to the other cases with a range of 0.41-0.51 µm. There appears 

to be minimal change in the micro-motion after 1,000,000 load cycles (Figure 6.2). 

 

 

 

 

 

 

 

 

 

Figure 6.2– Relative micro-motion at the contacting interface over the neck length (superolateral sector) for 

different assembly forces after 25,000 and 1,025,000 cycles. 

6.4 Material loss  

Material removal over the neck length was calculated as the total area under the curve of wear 

depth versus the neck length in both the superolateral and inferomedial sectors. This represents 

the lost area from the original edges (superolateral and inferomedial sectors) of the 2D model. 

It can be seen in Figure 6.3 that the trend of the lost area over the number of loading cycles is 

linear for all of the assembly forces studied. The values of area loss for different assembly 

forces and at different cycles were almost equal in both the head and neck; and thus, this figure 

only presents the area losses of the neck. Increasing the assembly force results in an increase 

in the lost area at the taper junction. For instance, when the assembly force was increased from 
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2,000 N to 5,000 N, the area loss increased from 5.28E-03 mm2 to 16.3E-03 mm2 in the neck 

after 1,025,000 cycles.  

Figure 6.4 shows the effect of assembly force on the rate and location of the fretting wear 

damage in the form of wear depth (after 25,000, 125000, 625000, and 1,025,000 number of 

cycles) in the neck. It is noted that very similar depth of wear results were found in the head at 

the same number of cycles. These graphs can help to compare the wear depth at different 

assembly forces, and locate the wear damage at the interface. It can be seen that the wear depths 

in the assembly force of 5,000 N (with a maximum 0.779 µm) was significantly higher than 

that of in the assembly force of 2,000 N (with a maximum 0.413 µm).  

 

 

 

 

 

 

 

 

Figure 6.3– Lost area versus number of cycles for different assembly forces 



 

Number of 

cycles 
Inferomedial sector Superolateral sector 

25,000 

  



6.4 Material loss 111 

 

111 

 

125,000 

  

625,000 

  



112 The influence of assembly force on the material loss at the head-neck junction 

 

112 

 

1,250,000 

  

Figure 6.4– Depth of wear over the neck length after (a) and (b) 25,000 cycles, (a) and (b) 25,000 cycles, (c) and (d) 125,000 cycles, (e) and (f) 625,000 cycles, (g) and (h) 

125,000 cycles. 

 

 



 

6.5 Discussion 

In this work, the fretting wear mechanism and material loss were investigated in a CoCr/CoCr 

head-neck junction with a real mismatch angle in a PBS solution and under a normal walking 

gait loading. The junction was assembled with various forces ranging from 2-5 kN to represent 

low-to-high impaction forces applied by surgeons in practice. The area loss from the edges of 

the most critical plane of the junction, as an indicator of material loss in the junction) showed 

a linearly increasing pattern over the fretting wear cycles. This could help to estimate the degree 

of material loss after several million cycles of fretting wear.  

The results of this work revealed that contact pressure, contact length and relative micro-

motion at the interface of the junction are the key parameters that can influence the material 

loss caused by fretting wear. Figure 6.5 showed that with increasing the assembly force, relative 

micro-motions between the head and neck components reduce considerably which offers more 

stability to the junction. According to the Archard equation, wear is proportional to both the 

contact pressure and relative micro-motion (amplitude of sliding). Even though the relative 

micro-motions decrease in the firmly assembled junctions, the significant increase in the 

contact pressure induced over greater contact regions leads to a net increase in fretting wear 

and consequently material removal. The results showed that a higher assembly force can induce 

a longer contact at the interface. This can extend the surface on which fretting wear occurs and 

can therefore increase the extent of material removal. As shown in Figure 6.6a, (for the studied 

taper design and material combination) increasing the assembly force results in more material 

loss. This is in contrast with the English’s results (English, Ashkanfar et al. 2016). As was 

mentioned in the introduction, they concluded that higher assembly forces resulted in lower 

fretting wear. The immediate difference of this work with their study is the material 

combination. In this study the material combination was CoCr/CoCr, while they used a Ti/CoCr 

combination. However, further to the different material combinations, it seems that mismatch 

angle is the major difference between this work and English’s model. The existence of 

mismatch angle have a great influence on the contact length between head and neck. In their 

work, the contact length is always constant (due to having no mismatch angle) and therefore 

increasing of the assembly force magnitude reduces the relative micromotion in head-neck 

interface and accordingly reduces the amount of the material loss. However, as in this work the 
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contact between head and neck is not perfect, increasing of the assembly load increases the 

contact length in head-neck junction which results in increasing of the material loss. 

Assembly force, as an intraoperative surgical parameter, can play an important role in the 

fretting wear damage to the head and neck components. According to the previous studies 

(Rehmer, Bishop et al. 2012), high assembly forces can enhance the stability and strength of 

the junction. It was therefore suggested to apply impaction forces of at least 4 kN. However, 

based on the results of this work, increased assembly forces, particularly from 4 kN to 5 kN, 

can result in more significant material removal from the head and neck components caused by 

the effect of fretting wear. This may therefore suggest not to exceed surgeons typical impaction 

forces that are approximately 4 kN (Heiney, Battula et al. 2009) in the interest of enhanced 

stability. It should be noted that this study was developed for a particular design, a CoCr/CoCr 

material combination with a distal angular mismatch of 0.01°. Further research is required to 

investigate the influence of assembly force on the fretting wear behaviour, considering various 

angular mismatches, different material combinations and loading profiles of the other daily 

activities.   

6.6 Summary 

The adaptive finite element model developed in the Chapter 4 was used to simulate fretting 

wear in a CoCr/CoCr head-neck junction with an angular mismatch of 0.01°. The junction was 

assembled with 2, 3, 4 and 5 kN and then subjected to 1,025,000 cycles of normal walking gait 

loading. IT was revealed that material removal due to fretting wear increased with increasing 

the assembly force. High assembly forces induced greater contact pressures over larger contact 

regions at the interface which in turn resulted in more material loss and wear damage to the 

surface when compared to lower assembly forces. Although a high assembly force (greater 

than 4 kN) can further improve the initial strength and stability of the taper junction, it appears 

that it also increases the degree of fretting. Thus, a maximum force of 4 kN is suggested. Further 
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studies are needed to investigate the assembly force in the other taper designs, taper angle 

mismatches, and material combinations.  

 

 

 

 

 

 

 

 

 

 

 

 



116  

 

116 

 

 



6.6 Summary 117 

 

117 

 

Chapter 7 Development of a fretting corrosion 

model for metallic interfaces using adaptive finite 

element analysis 
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7.1 Overview 

As was mentioned in Chapter 1, fretting corrosion (a type of mechanically assisted corrosion) 

is known to occur in metallic contacting components that are cyclically subjected to fretting 

wear in a corrosive environment. Metallic implants such as modular taper junctions of total hip 

replacement are an example of this failure type where mechanical loads of daily activities can 

induce fretting wear at the metallic interface in the presence of the corrosive body fluid. Over 

the process of fretting corrosion, the passive oxide layer, that plays an important role in 

enhancing the corrosion resistance of metallic materials, can be mechanically disrupted. Such 

a disruption provides a condition for the metal (or metal alloy) to lose material through the 

associated chemical reactions in order to re-create a new oxide layer (repassivation) and also 

the process of metallic dissolution (Goldberg, Gilbert et al. 2002, Rodrigues, Urban et al. 2009, 

Mali 2016, Oskouei, Fallahnezhad et al. 2016).      

To date, attempts have been made to propose a general model for mechanically assisted 

corrosion to predict the behaviour of metallic alloys taking into account the mechanical and 

electrochemical parameters. Goldberg et al. (Goldberg and Gilbert 1997) used a model of 

surface oxide fracture and a repassivation equation, that had been previously proposed by 

Ambrose (Ambrose 1983), to justify the electrochemical response of CoCrMo alloys to fracture 

and reformation of its oxide layer. To do this, they employed an electrochemical scratch test 

method in which they used a diamond pin to scratch a CoCrMo sample in a phosphate-buffered 

saline (PBS) medium. They developed an equation that can determine the oxide layer thickness 

of CoCrMo alloys. 

Swaminathan et al. (Swaminathan and Gilbert 2012) proposed a theoretical model which 

incorporates both the mechanical and electrochemical parameters of fretting corrosion. They 

conducted experimental tests in which different combinations of Ti-6Al-4V and CoCrMo 

alloys were subjected to fretting wear loading in a PBS condition. In their model, they proposed 
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a relation between the mechanical and electrochemical properties such as normal load, 

amplitude of sliding, surface properties, potential and current.  

Due to the complexity of the fretting corrosion process, the existence of various designs for 

implants (in terms of geometry and size), and the limitations of physical tests, it is difficult and 

expensive to study fretting corrosion in metallic implants by means of in-vitro tests. Similar 

difficulties and limitations apply to other situations where fretting corrosion occurs (e.g. 

clamped joints (Molent 2015), leaf springs (D’Silva and Jain 2014) and ball or roller bearings 

(Lai and Stadler 2016)). Hence, finite element (FE) method could be employed as a convenient 

and practical way to explore complex geometries subjected to complex load cases.  

As was pointed out in the previous chapters, in the area of modular taper junctions of hip 

implants, several finite element simulations have been developed to evaluate the mechanical 

response of the contacting components (Donaldson, Coburn et al. 2014, Dyrkacz, Brandt et al. 

2015). These studies showed that the geometric parameters such as taper angle mismatch, 

material combinations, and assembling load can directly affect the mechanical-related 

parameters such as relative micro-motions and contact stresses at the interface. These studies 

were limited to exploring the contact mechanics of the junction subjected to a single gait 

loading cycle. It is however noted that material loss due to the effect of fretting wear and 

corrosion occurs under cyclic gait loading. As was mentioned in Chapter 4, recently, finite 

element method has been used to predict the amount of material loss in the taper junction as a 

result of fretting wear over a few million cycles of loading (Zhang, Harrison et al. 2014, 

English, Ashkanfar et al. 2015, English, Ashkanfar et al. 2016). Moreover, we developed a 

finite element fretting wear model, in Chapter 4, for the contacting materials of a CoCr/CoCr 

head-neck taper junction in a PBS condition. We used the Archard wear equation to simulate 

the mechanical fretting wear process. All of these models have simulated only the mechanical 

fretting wear process and have neglected the effects of corrosion, in particular 

passivation/repassivation and consequent material loss due to corrosion.  
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A literature review confirms that, to date, no finite element model has been developed to 

simulate the fretting corrosion phenomenon in contacting surfaces of metallic materials under 

fretting wear loading and in a corrosive environment where passivation and repassivation 

repeatedly occur. In this chapter, therefore, a new finite element model was developed to 

simulate the process of fretting corrosion and predict material loss due to the both mechanical 

fretting wear and corrosion. The equation of the oxide film regeneration (proposed by 

Swaminathan (Swaminathan and Gilbert 2012)) together with the Archard wear equation were 

implemented in an FE code to simulate fretting corrosion for a CoCr/CoCr material 

combination. This model is able to predict the amount of material loss caused by corrosion; 

and also, to determine the volume of detached material caused by mechanical fretting wear. 

Moreover, this model was able to determine the amount of oxide layer removed from the 

material surface during the fretting corrosion process. 

7.2 Materials and methods  

The fretting corrosion process is a combination of two damaging components; mechanical wear 

and electrochemical corrosion. These two components are not independent processes; for 

instance, fretting wear can intensify corrosion (mechanically assisted corrosion). The details 

and procedure for developing an adaptivefinite element model for this complex phenomenon 

applied to a CoCrMo/CoCrMo material combination are presented in the following sections.   

2.1. Main equations 

To model the mechanical fretting wear, Archard wear formulation was used to determine the 

depth of material loss over the surface (Eq. 7. 1). 
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𝑉

𝑆
= 𝑘

𝐹𝑁
𝐻

           (7. 1) 

where V is the lost volume, S is the amplitude of sliding, k is the wear coefficient, FN is the 

normal load and H is the material hardness. This equation was the core of a wear algorithm 

developed by McColl et al. (McColl, Ding et al. 2004) and Ding et al. (McColl, Ding et al. 

2004) to model fretting wear in a pin-on-disc system. This wear equation was also used in 

Chapter four to develop an algorithm for a two dimensional FE model of a head-neck taper 

junction in which the Archard equation was re-written in the form of Eq. 7. 2:  

ℎ𝑤𝑒𝑎𝑟 = 𝐾. 𝐼𝑛𝑐𝑠𝑙𝑖𝑝. 𝐶𝑃𝑟𝑒𝑠𝑠                            (77. 2) 

where hwear is the depth of wear, K is the wear coefficient-to-hardness ratio (k/H), Incslip is the 

relative displacement of each node of the contact surface at each time increment and CPress is 

the normal contact stress. The K ratio for the CoCr/CoCr material combination was presented 

as 1.68x10-14 Pa-1 in Chapter four. 

Swaminathan et al. (Swaminathan and Gilbert 2012) developed an equation for the re-

generation of passive oxide layers (Eq. 7. 3) from which the oxide layer thickness can be 

determined. To propose and verify this equation, they conducted experimental work in which 

a pin-on-disc system of different materials was subjected to cyclic fretting wear, in a 

(Phosphate Buffered Salain) PBS medium.     

𝐼𝑓𝑖𝑙𝑚 = (
𝜌𝑛𝐹

𝑀𝑤
) . 2

𝑉𝑛𝑜𝑚

𝛥

𝑑𝛿

𝑑𝑡
  (a)      (7. 3) 

 

𝐼𝑓𝑖𝑙𝑚 = 4(
𝜌𝑛𝐹

𝑀𝑤
) .

𝑉𝑛𝑜𝑚

𝛥
𝛿𝜈  (b)      

where Ifilm is the oxide film formation current, ρ is the density of the oxide, Mw is the molecular 

weight of the oxide, n is the effective valence of the oxide, F is Faraday’s constant (96,500 

C/mol), Vnom is the nominal volume of the oxide layer, Δ is the average inter-asperity distance 
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in the sliding direction (further details can be found in (Swaminathan and Gilbert 2012)), δ is 

the amplitude of sliding and ν is the frequency of one cycle. Eq. 7. 3b can be used to define the 

current film of the fretting corrosion process for one complete cycle. The additional factor of 

2 in this equation is because that both the top and bottom surfaces are present in contact. The 

assumptions for the development of this equation include: the repassivation rate is limited to 

the oxide abrasion rate, ionic dissolution currents are small in comparison with the oxide film 

currents and generation of metal particles without oxidation is ignored (Swaminathan and 

Gilbert 2012). For a CoCr/CoCr combination, the passive oxide layer is assumed to be Cr2O3 

(Goldberg and Gilbert 1997). Hence, the oxide layer for this alloy has a density of ρ = 5,210 

kg/m3, oxide effective valence of n = 3, and molecular weight of Mw = 0.152 kg/mol.  

To make this equation applicable for a finite element modelling, it needs to be localised so that 

it can be directly applied to the nodes of the material model. Therefore, the equation should be 

re-arranged in a way that could be solved within small increments of time and position of the 

nodes. To do this, both sides of Eq. 7. 3b are divided by area A to yield Eq. 7. 4 as follows:    

 

𝐼𝑓𝑖𝑙𝑚

𝐴
=
1

𝐴
. ((

𝜌𝑛𝐹

𝑀𝑤
) . 2

𝑉𝑛𝑜𝑚
𝛥

𝑑𝛿

𝑑𝑡
)


⇒ 

𝐼𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = ((
𝜌𝑛𝐹

𝑀𝑤
) . 2

ℎ

𝛥

𝑑𝛿

𝑑𝑡
)                    (7. 4) 

where IDensity is the average fretting corrosion current density and h is the oxide layer thickness. 

In this equation, all the constants can be substituted with Kcorr: 
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𝐼𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝐾𝑐𝑜𝑟𝑟. (
ℎ

𝛥

𝑑𝛿

𝑑𝑡
)                                                (7.5) 

 (𝐾𝑐𝑜𝑟𝑟 =
2𝜌𝑛𝐹

𝑀𝑤
) 

𝐼𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝐾𝑐𝑜𝑟𝑟 . (
ℎ

𝛥
.

𝐼𝑛𝑐𝑠𝑙𝑖𝑝

𝑡𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡
)                     

 (77.6) 

where Incslip is the relative micro-motion between the surface nodes at each time increment 

(𝑡𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡). Equation 7. 6 can be then applied to each node of the contact surface to model the 

electrochemical corrosion. 

7.2.1 Modelling procedure 

To apply Equation 7. 6 to each surface node of the model, a FORTRAN code was developed 

that can locate the position of the surface nodes through the ABAQUS UMESHMOTION 

subroutine within an adaptive meshing constraint. A 3D FE model was developed to simulate 

the fretting corrosion process in a CoCr/CoCr pin-on-disc system that was the same as the 

experiments used by Swaminathan et al. (Swaminathan and Gilbert 2012). The diameter of the 

pin was 0.35 mm. The friction coefficient of the contact surface was defined as a function of 

normal contact stress (Figure 7.1)   

As presented in (Swaminathan and Gilbert 2012), the average inter-asperity distance in the 

sliding direction, Δ, is a function of normal load, FN, (Eq. 7. 7) for the CoCr/CoCr combination. 

Hence, at each time increment, the normal reaction force of the contact surface (which is the 

summation of all the reaction forces of the surface nodes) was computed. The resultant normal 

load was then used to determine the Δ factor using Equation 7. 7. The average fretting corrosion 

current density (IDensity) versus normal contact stress was reported at a sliding frequency of 1.25 

Hz (Swaminathan and Gilbert 2012) (Figure 7.2). It should be noted that although 𝛥 is defined 

as the average inter-asperity distance in (Swaminathan and Gilbert 2012), it is actually a 
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constant parameter in Eqs. 7. 3-6. In that study, the authors first assumed that such a constant 

could be a function of normal force; and then, their experimental outcomes proved their 

assumption, as they proposed 𝛥 as a function of normal force. 

𝛥 = 844.46𝐹𝑁
−0.467

                      (77.7) 

 

 

 

 

 

 

 

Figure 7.1– Coefficient of friction between CoCr and CoCr versus normal contact stress, data from 

(Swaminathan and Gilbert 2012). 
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Figure 7.2– Average fretting corrosion current density versus normal contact stress for CoCr/CoCr combination, 

data from (Swaminathan and Gilbert 2012).  

 

At each time increment, the normal contact stress (called CPRESS in ABAQUS), position and 

total displacement (called CSLIP in ABAQUS) of each surface node were retrieved from the 

ABAQUS/CAE analysis and transferred into the FORTRAN code. Using these data, this code 

was developed to calculate the reaction force applied to the surface and determine relative 

micro-motions between each pair of the closest contacting nodes (master and slave that were 

disc and pin, respectively). Having calculated the reaction force of the surface, Δ factor of the 

material surface was obtained using Equation. 7. 7. The FORTRAN code (UMESHMOTION 
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subroutin) reads the normal contact stresses from the ABAQUS CAE model and obtains the 

corresponding average fretting corrosion current densities from Figure 7.2. Having all the 

variables determined, the oxide layer thickness, h, for each node and at each time increment 

was then computed by Equation 7. 6. As reported in (Swaminathan and Gilbert 2012), during 

normal rates of fretting wear, the rate of repassivation is significantly greater than the rate of 

abrasion. Hence, during a half cycle of fretting wear, while the existing passive layer is being 

removed from the surface, a new oxide film will be generated instantly after the first half cycle. 

Thus, for the next half cycle, the new oxide layer will be removed from the surface. Figure 7.3 

schematically shows the process of the fretting corrosion simulation employed in this study. 

At each time increment, the thickness of the oxide layer for each node was computed using 

Equation 7. 6. As mentioned above, in a CoCr/CoCr material combination, the oxide layer is 

Cr2O3 (Goldberg and Gilbert 1997). Having the thickness of the oxide layer for each node, the 

mass of the oxide layer for that node was computed (using the density of Cr2O3). As the mass 

percent of chromium in Cr2O3 is 68.4%, the mass of chromium can be defined. The   mass 

percent of Cr in the substrate material, the mass of the removed material from the substrate 

(caused by repassivation of the oxide layer) was computed for each node (according to 

stoichiometry). Accordingly, the thickness of the material loss from the substrate caused by the 

oxide layer regeneration for each node was obtained using Eq. 7. 8: 

ℎ𝑐𝑜𝑟𝑟 =
(0.684).ℎ.𝜌𝐶𝑟2𝑂3

(0.28).𝜌𝐶𝑜−28𝐶𝑟−6𝑀𝑜
          (77.8) 

where hcorr is the thickness of the substrate removed by corrosion, ρCr2O3 is the density of Cr2O3, 

ρCo-28Cr-6Mo is the density of Co-28Cr-6Mo alloy, and h is the thickness of the oxide layer.  

As shown in Figure 7.3, at each time increment, the thickness of the regenerated/removed oxide 

layer is computed using Equation 7. 6. The material loss (hwear plus hcorr for each node) of the 

substrate changes the geometry of the surface; and subsequently, the magnitude of the normal 

contact stress for each node. Hence, the values of IDensity, Δ and reaction force change. The code 

records the height of the removed oxide layer after each cycle to calculate the material loss 
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caused by mechanical fretting wear and corrosion for each node at each time increment. A 

PYTHON code together with a MATLAB code were then developed to compute the volume 

of the lost material and removed oxide layer at each time increment of the fretting corrosion 

simulation process. 

 

 

 

 

 

 

 

 

Figure 7.3– Schematic process of the fretting corrosion simulation used in this work. 

 

7.2.2 Modelling of passive oxide layer 

One cycle of a fretting wear sliding (two half cycles), as shown in Figure 7.4, was applied to 

the CoCr/CoCr pin-on-disc model while the pin was under a normal load. The amplitude of 

sliding was 50 µm which was the same as the sliding tests reported in (Swaminathan and 

Gilbert 2012). Normal loads of 10 N, 20 N, 44 N, 53 N, 70 N and 81 N were applied to evaluate 

the accuracy of the model in a wide range of normal loads. From the FE simulations, the height 

and volume of the oxide layer produced during one cycle (two half cycles) were obtained for 

several normal loads (or normal contact stresses). The predicted height of the oxide layer was 

then compared to the height of the oxide layer computed by Eq. 7. 3b, as presented in 
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Swaminathan’s study (Swaminathan and Gilbert 2012)). For this purpose, the height of the 

oxide layer for each node, after each half a cycle, was obtained through the UMESHMOSHEN 

subroutine. The shape, volume and height of the oxide layer for each case of normal load were 

determined using MATLAB. 

 

 

 

 

 

 

 

 

Figure 7.4– One cycle of the fretting wear sliding used to model the passive oxide layer removal and 

regeneration. 

 

7.2.3 Simulation of fretting corrosion for 150 cycles of sliding 

The developed FE model can be used to simulate fretting corrosion in a high cycle process of 

fretting wear with various sliding profiles. To do this, the model was used to simulate fretting 

corrosion for the same pin on disc system subjected to 150 cycles of sliding. This number of 

cycles is what was used in Swaminathan’s work, for each determined normal load. One single 

cycle of the sliding profile for this simulation is shown in Figure 7.5 which is the same as the 

cycle used in the experimental tests (Swaminathan and Gilbert 2012). This simulation was 

developed for two normal contact stresses of 250 MPa and 500 MPa. According to Figure 7.5, 

for this simulation, the oxide layer was to be removed/generated four times in every cycle of 

sliding (as the sliding direction changes three times in one cycle).  
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Figure 7.5– One cycle of the sliding profile which was repeated 150 times for the fretting corrosion simulation.  

The algorithm of the FORTRAN code which was applied to the surface nodes, at each time 

increment, is given in Figure 7.6. In this algorithm, X, Y and Z define the position of each node 

in the coordination system. The “Master” variable determines whether a node belongs to the 

master component or the slave component (in this model disc was assumed as master and pin 

as slave). Cslip is the displacement of each node in the contacting plane and Cpress is the normal 

contact stress of each node. Incslip is the relative displacement of each node in the contacting 

plane at each time increment. Fr is the reaction force for each node and Fr-TOT is the total 

reaction force applied to the contact surface at each time increment. hoxide layer is the height of 

the oxide layer for each node at each time increment. hcorr and hwear are the depths caused by 

corrosion and wear, respectively, for each node at each time increment. Tcycle is the time of each 

cycle. Time(1) is the total time of the simulation step. Told-cycle is the total time of the simulation 

step related to the previous cycle. N is the number of cycles. hwear-tot-m, hwear-tot-s, hcorr-tot-m and 

hcorr-tot-s are the total height of material loss in the master and slave components caused by 

mechanical wear and corrosion, respectively. 
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Figure 7.6– The algorithm of the FORTRAN code applied to the surface nodes of the CoCr pin and CoCr disc at 

each time increment. 

7.3 Results  

7.3.1 Verification: removal and formation of passive oxide layer during a 

single loading cycle 

Figures 7.7 and 8 illustrate the distribution of the oxide layer on both the contacting surfaces 

under the applied normal loads for both the first and second half cycles. Table 1 presents the 

average height and volume of the oxide layer determined from the simulations and Eq. 7. 3b 

presented in (Swaminathan and Gilbert 2012). Good agreements were found between results 

of the simulation and those calculated by Eq. 7. 3b showing an average difference of 9% in the 

oxide layer height for all the normal loads. This successfully verified the fretting corrosion 

algorithm and simulations developed in this study. From the results of Table 1, it is apparent 

that for all the normal loads, the height of the oxide layer in the first and second half cycles are 

close. It can be also seen that with increasing the normal load, the height of the oxide layer 

reduces. For instance, with an increase from 10 N to 70 N, the total height of the oxide layer 

(first half cycle plus second half cycle) reduced by 84%. 
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Figure 7.7– Passive oxide layer of Cr2O3 produced after each half cycle onto the CoCr disc surface under normal 

loads of: (a) 10 N, (b) 20 N, and (c) 44 N. All measures are in meters. 
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Figure 7.8– Passive oxide layer of Cr2O3 produced after each half cycle onto the CoCr disc surface under normal 

loads of: (a) 53 N, (b) 70 N, and (c) 81 N. All measures are in meters. 
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Table 7.1  Average height and volume of the passive oxide layer formed onto the CoCr disc surface under 

different normal loads of CoCr pin. 

Normal Load 

and Nominal 

Normal Stress 

 Fretting Corrosion Simulation Results 
Using Equation 3b presented 

in (Swaminathan and Gilbert 

2012) 

  
First Half 

Cycle 

Second Half 

Cycle 

First half + 

Second half 

First Half + 

Second Half 

10 N 

(104 MPa) 

 

Average 

Height 

(m) 

5.30e-10 5.36e-10 10.66e-10 9.48e-10 

Volume 

(m3) 
7.84e-17 7.56e-17 15.40e-17 - 

20 N 

(208 MPa) 

Average 

Height 

(m) 

3.43e-10 3.96e-10 7.39e-10 8.37e-10 

Volume 

(m3) 
6.12e-17 6.01e-17 12.3e-17 - 

44 N 

(456 MPa) 

Average 

Height 

(m) 

2.71e-10 2.67e-10 5.38e-10 4.83e-10 

Volume 

(m3) 
3.41e-17 3.57e-17 6.98e-17 - 

53 N 

(552 MPa) 

Average 

Height 

(m) 

2.01e-10 2.00e-10 4.01e-10 4.012e-10 

Volume 

(m3) 
2.64e-17 2.78e-17 5.42e-17 - 

70 N 

(728 MPa) 

 

Average 

Height 

(m) 

0.86e-10 0.82e-10 1.68e-10 1.49e-10 

Volume 

(m3) 
1.05e-10 1.11e-10 2.16e-17 - 

81 N 
Average 

Height 

(m) 

0.38e-10 0.36e-10 0.74e-10 0.69e-10 
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(844 MPa) 
Volume 

(m3) 
0.48e-17 0.60e-17 1.08e-17 - 

 

7.3.2 150 cycles of fretting corrosion 

As mentioned in Section 2.4, the FE model was employed to simulate fretting corrosion for the 

same CoCr/CoCr pin on disc system under 150 cycles of sliding (with the sliding profile of 

Figure 7.5) and normal contact stresses of 250 MPa and 500 MPa in a corrosive environment 

of PBS. After applying the last cycle of fretting corrosion, the normal load (or the equivalent 

normal contact stress) was unloaded. Figure 7.9 shows the vertical displacement contours in 

both the disc and pin models. The displacements are normal to the contact surface which 

represent the total depth of material loss (due to both fretting wear and corrosion) from the 

outset surface. The displacements in the contours were scaled-up by a factor of 100 to better 

demonstrate the depth of material loss.  

The maximum depth of the fretting corrosion material removal from the disc surface was 0.209 

µm and 0.308 µm under 250 MPa and 500 MPa, respectively (Figure 7.9). There was 0.238 

µm and 0.300 µm of material removal from the pin. It is obvious that the depth of the corroded 

surface in the pin is uniform, while in the disc the depth is not even over the corroded surface. 

This difference is because of the area of the disc and pin contact surfaces that were under 

normal loading. The whole area of the pin contact surface was continuously under the normal 

stress. However, the edge of the disc contact surface was not always subjected to the normal 

stress, according to the sliding regime (Figure 7.5). 
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Figure 7.9– Contours of displacement in Y axis (normal to the contact surface) for both CoCr disc and CoCr pin 

after 150 cycles of fretting corrosion (with a sliding profile of Figure 7.5): (a) under normal stress of 250 MPa, 

and (b) under normal stress of 500 MPa. The displacements are in meters. 

 

To determine the isolated contribution of mechanical fretting wear and electrochemical 

corrosion to the amount of material loss, the lost volume for each damaging component was 
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calculated separately (Table 2). Moreover, Figure 7.10 shows the lost volumes in the disc 

model (caused by fretting wear and corrosion separately) after 150 cycles of sliding with 

respect to the contact surface. From Table 2, it can be seen that the volume loss caused only by 

fretting wear is larger for the case of 500 MPa stress in both the disc and pin components. For 

instance, the worn volume in the disc increased from 9.07e-15 m3 to 1.70e-14 m3 when the 

normal contact stress was increased from 250 MPa to 500 MPa. This was, of course, because 

the wear depth is proportional to the normal contact stress, according to the Archard equation 

(Eq. 7. 2), resulting in a greater degree of volume loss under the greater normal stress. Table 2 

however reveals that with increasing the normal stress, the material loss in both the disc and 

pin caused only by corrosion reduces. The corroded material detached from the disc reduced 

from 1.83e-14 m3 to 9.15e-15 m3 as a result of an increase in the normal stress from 250 MPa 

to 500 MPa. Table 2 also shows that the material loss caused by corrosion in the disc is greater 

than that of in the pin. For example, under 500 MPa, the material loss caused by corrosion in 

the disc and pin were 9.15e-15 m3 and 6.07e-15 m3, respectively. However, the material loss 

caused by wear is almost equal in both the pin and disc. It is also apparent that the volume of 

the removed oxide layer reduced by 36%, when the normal stress was increased from 250 MPa 

to 500 MPa. 
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Table 7.2 Material loss (in the form of volume) from the CoCr disc and CoCr pin surfaces as a result of fretting 

wear and corrosion, along with the volume of Cr2O3 oxide layer under normal contact stresses of 250 MPa and 

500 MPa and after 150 cycles of sliding. 

CoCr Disc 

 Normal Contact Stress = 250 MPa Normal Contact Stress = 500 MPa 

Material loss caused by fretting wear 

(m3) 
9.07e-15 1.70e-14 

Material loss caused by 

electrochemical corrosion (m3) 
1.83e-14 9.15e-15 

Total material loss (m3) 2.74e-14 2.62e-14 

CoCr Pin 

 Normal Contact Stress = 250 MPa Normal Contact Stress = 500 MPa 

Material loss caused by fretting wear 

(m3) 
9.04e-15 1.75e-14 

Material loss caused by 

electrochemical corrosion (m3) 
9.11e-15 6.07e-15 

Total material loss (m3) 1.82e-14 2.36e-14 

CoCr/CoCr Pin and Disc 

 Normal Contact Stress = 250 MPa Normal Contact Stress = 500 MPa 

Generated (removed) volume of 

Cr2O3oxide layer (m3) 
8.7e-15 5.6e-15 
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Figure 7.10– Lost material in the CoCr disc model due to the isolated effect of fretting wear and electrochemical 

corrosion after 150 cycles of sliding under normal contact stresses of 250 MPa and 500 MPa. All measures are 

in meters. 

 

Figure 7.11 shows the material loss caused by fretting wear, electrochemical corrosion and 

total material loss versus number of cycles in disc, for both 250 MPa and 500 MPa normal 

stresses. As it can be seen in this figure the graphs have a linear trend over the process of 

fretting corrosion. However, it should be notified that this work is a displacement control case 

and accordingly the relative micro-motion, as an effective parameter on the magnitude of 

material loss, is constant, at each time increment. For a force control case, the relative micro-
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motion for each time increment will not be constant and the trend of the graphs for a force-

control case needs to be investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11– Lost material versus number of cycles (a) Normal stress 500 MPa (b) Normal stress 250 MPa 
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7.4 Discussion 

From the Archard wear equation that was used to model fretting wear in this work, it is 

understood that with increasing the normal stress, the depth of material loss increases (Eq. 7. 

2). Particularly in the simulations of this study, an increase in the normal contact stress from 

250 MPa to 500 MPa resulted in an 87% increase in the volume loss from the CoCr disc. For 

corrosion, the variation in the material loss was found to be more complicated. With increasing 

the normal contact stress, the Δ factor decreases (Eq. 7. 7) which can reduce the depth of 

corroded surface (Eq. 7. 6). Moreover, IDensity varies with normal stress (Figure 7.2). Although 

the behaviour of IDensity is not a monotonic behaviour (as a function of normal stress), changing 

normal stress can significantly change the value of IDensity and accordingly the depth of corroded 

surface (Eq. 7. 6). It should be noted that during the process of fretting corrosion, there is a 

continuous interaction between the mechanical fretting wear and electrochemical corrosion 

components. From the main applied equations, it is evident that the normal contact stress 

(which is dependent on the geometry of the contact surface) is the common parameter in both 

the mechanical and electrochemical components. Hence, at each time increment, material loss 

caused by each of these components can change the geometry of the contact surface; and 

consequently, the magnitude of the normal contact stress that in turn affects the material loss 

due to the both components. As a result, there can be no expectation for a linear behaviour of 

the fretting corrosion process as a function of normal stress and/or amplitude (profile) of 

sliding. The process appears to be highly dependent on the normal stress and sliding profile as 

well as the geometry of the contact surface and loading structure. 

The FE model developed for the fretting corrosion process in this work has the ability to 

simulate the interactions between the mechanical fretting wear and electrochemical corrosion 

components. The formulations that were previously presented for fretting wear and 

electrochemical corrosion were adjusted so that they can be locally applied to elemental nodes 

of a finite element model. The developed code of the fretting corrosion algorithm (shown in 

Figure 7.6) is capable of simulating various profiles of fretting wear sliding, different contact 
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geometries, different material combinations and normal contact stresses. It is noted that the 

material loss results presented in this study are limited to the simulated fretting corrosion 

process at a CoCr/CoCr interface with its specified geometry and loading profiles. Some 

assumptions were made for the development of this model in accordance with the 

Swaminathan’s equation, as detailed in the methodology section. Also, instead of the Archard 

wear model and Swaminathan’s model (for electrochemical corrosion), alternative 

formulations of wear and corrosion can be incorporated in this algorithm provided that they 

can be applied directly to the nodes. This model can be a good platform for finite element 

modelling of fretting corrosion in various applications and future studies to further investigate 

surface damage to materials in fretting corrosion situations.  

7.5 Summary 

In this chapter, an adaptive finite element modelling method was successfully developed to 

simulate the fretting corrosion process at metallic interfaces. To do this, a computational code 

was developed in which the Archard wear equation and a previously established 

electrochemical equation were simultaneously employed. The algorithm of this code is able to 

determine the volume of passive oxide layers removed from the interface and/or re-generated 

onto the surface, material loss caused by fretting wear and material loss caused by corrosion, 

at each cycle of fretting wear in a corrosive environment. The fretting corrosion simulation 

method developed in this work was then used to simulate the fretting corrosion process for a 

CoCr/CoCr interface under a varying profile of fretting sliding and two different normal contact 

stresses of 250 MPa and 500 MPa. The results showed that with increasing the normal contact 

stress, material loss caused by fretting wear increases; however, it reduces the material loss 

caused by electrochemical corrosion and the volume of the removed oxide layer. This new 

model can be employed for various fretting corrosion situations with different material 

combinations, interface geometries and mechanical loading and sliding profiles.  
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Chapter 8 Conclusions  
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8.1 Conclusion remarks 

In Chapter two, a three dimensional finite element model of an isolated femoral head–neck 

junction was developed. The model included real geometry of the head and neck components 

with a non-linear frictional contact and elastic–plastic properties of the mating materials. This 

model was well verified by a set of experimental results on assembling and disassembling 

processes. FE analyses of the assembling process revealed that CoCr/Ti head–neck junctions 

had a longer contact length compared to CoCr/CoCr junctions. Different torsional strengths in 

the two material combinations was found to be because of the lateral deformation of the neck 

under the application of the twist. The mismatch angle between the head and neck was found 

to play an important role in the integrity of the junction with both material combinations. The 

smaller the mismatch for a given assembly load, the firmer connection at the junction. This 

model can be further used for analysing stresses and micro-motions under real physical activity 

loadings with the aim of studying fretting wear behaviour of taper junctions in modular hip 

joint implants. 

In Chapter three, the effects of realistic loads (level gait forces and frictional moments - F & 

M) of walking activity on the mechanical response of the head-neck interface in hip implants 

were studied. For understanding the level of contribution of the frictional moments to the 

mechanical response of the interface, two additional loading scenarios of gait forces only (F 

only) and frictional moments only (M only) were also studied. The 3D finite element model 

developed in the second chapter was used to run this investigation. The simulations were 

performed to obtain stress field, micro-motions and fretting work for this taper junction under 

a complex 6° of freedom loading during a gait cycle of walking. Normal contact stresses and 

micro-motions at the interface were mostly found in the ranges of 0–275 MPa and 0–38 µm, 

respectively. The frictional moments alone had a negligible effect in increasing the contacting 

area as only 0.27% of the non-contacting surface nodes were engaged in contact. F only made 

8.43% of the non-contacting surface nodes to get in contact. Frictional moments were effective 

in the F & M case as the contacting nodes increased to 9.57% when compared to 8.43% in the 
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F only case. Superposition of the frictional moments and gait forces (F & M) in comparison 

with F only, also resulted in: a) Up to an approximately 100% increase in the maximum value 

of fretting work per unit area in the last three millimetres of the temporary extended contacting 

area (14–16 mm). b) An approximately 15% increase in the maximum magnitude of micro-

motions. The results suggest that gait forces dominate the mechanical environment of the 

interface; however frictional moments when combined with the gait forces can have some 

considerable effects on increasing the fretting work and gradually increasing micro-motions in 

the contacting area. This may suggest that simplifying mechanical loads of daily activities to 

gait forces only in both finite element and in vitro studies needs acceptable justifications. 

In Chapter four, an adaptive finite element simulation was developed to predict fretting wear 

in a head-neck taper junction of hip joint implant through a two dimensional (2D) model and 

based on the Archard wear equation. To this end, a UMESHMOTION code was developed that 

was verified by a set of numerical and experimental results of a pin-on-disc set-up reported by 

previous researchers. This model represents the most critical section of the head-neck junction 

which was identified from a 3D model of the junction subjected to one cycle of level gait 

loading which had been previously found in Chapter three. In order to reduce the computational 

cost, an adaptive wear simulation was used which assumes that the wear rate remains constant 

during a pre-determined number of cycles (ΔN). In this model, the ΔN factor was varied during 

the fretting process and the optimized values of the ΔN over the process of fretting wear was 

presented. This model developed for both dry and PBS conditions. The outcomes revealed that 

development of such a model in a dry condition is a major simplification. 

In Chapter five, the fretting wear model produced in Chapter four was used to investigate the 

influence of the angular mismatch of the junction on the material loss and fretting wear process 

during 4,080,000 cycles of walking loading. To better understand the behaviour of the junction 

against fretting wear, contact stresses, relative micro-motions and contact lengths at the 

interface of the head and neck were evaluated over the loading cycles. Generally, it was 

understood that the contact pressure for junctions with an angular mismatch decreases with 
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increasing the number of cycles, while this parameter for the junction with a zero mismatch 

angle does not vary significantly over the neck length. For all the studied cases, the relative 

micro-motions increase from the proximal side to the distal side. The proximal contact with 

the larger mismatch angle (0.124°) had the largest micro-motion. Lost area, as a parameter 

which can be a good representative of material loss, in each case was computed over 4,080,000 

cycles. The lowest lost area for both the head and neck was found in the distally contacting 

junction with the smaller mismatch angle (0.024°) followed by the proximal contact with 

0.024°. The highest worn areas occurred in the larger mismatch angle (0.124°) junctions, less 

in distal and more in proximal. It was therefore understood that taper junctions with distal 

angular mismatches are more resistant to fretting wear when compared to their proximal 

counterparts. 

In Chapter six, the main research objective was to evaluate the effect of assembly force on the 

material loss and fretting wear process. It was concluded that high assembly forces reduce the 

relative micro-motions between the head and neck at the taper junction. However, they can 

also increase the contact pressures and the contact region at the interface which in turn intensify 

the fretting wear process and consequently increased material removal. The results of this 

chapter showed that the effect of the last two parameters (contact pressure and contact length) 

was more dominant in wearing out the surface of the studied CoCr/CoCr junction with a taper 

angle mismatch of 0.01°. Hence, with increasing the assembly force, the degree of material 

loss increased for this particular design and material combination of the junction studied in this 

work.  

In Chapter seven, a new adaptive finite element model (using ABAQUS UMESHMOTION 

subroutine) was successfully developed to simulate the process of fretting corrosion in metal-

on-metal contacts with the aim to capture the material surface damage due to both mechanical 

fretting wear and electrochemical corrosion simultaneously. This model is able to calculate the 

removed/re-generated passive oxide layer, and material loss caused by fretting wear and 

corrosion. The model was verified with a mechanical-electrochemical formulation established 
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previously for a series of pin-on-disc fretting corrosion experiments. The FE model was then 

used to simulate material loss of a CoCr/CoCr pin on disc system under a complex sliding 

profile and two normal stresses repeating for 150 cycles. The results showed that with 

increasing the normal contact stress, the corroded material detached from the disc (due to 

corrosion only) reduced from 1.83e-14 m3 to 9.15e-15 m3 as a result of an increase in the 

normal stress from 250 MPa to 500 MPa. It was also revealed that the volume of the removed 

oxide layer reduced by 36% when the normal stress was increased from 250 MPa to 500 MPa. 

This model is capable of simulating fretting corrosion for any complex fretting sliding regime, 

different material combinations and various geometries for high number of cycles. Other valid 

equations of the mechanical and electrochemical surface damage related to wear and corrosion 

could be incorporated in this model provided they can be adjusted to apply to the model 

elemental nodes.   
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Appendix A  FORTRAN code to simulate Fretting 

wear in the head-neck junction 

      SUBROUTINE UMESHMOTION(UREF,ULOCAL,NODE,NNDOF, 

     & LNODETYPE,ALOCAL,NDIM,TIME,DTIME,PNEWDT, 

     & KSTEP,KINC,KMESHSWEEP,JMATYP,JGVBLOCK) 

      INCLUDE 'ABA_PARAM.INC' 

      DIMENSION ULOCAL(NDIM),JELEMLIST(100000) 

      DIMENSION ALOCAL(NDIM,100000),TIME(2) 

      DIMENSION JMATYP(100000),JGVBLOCK(100000) 

 

      INTEGER:: control1, control2 

       

       

      INTEGER::master 

      REAL::CPRESS,CSHEAR,CSLIP,COPEN,XCOORD,YCOORD,INCSLIP 

      REAL::RIGHT-CP,LEFT-CP,RIGHT-SLIPINC,LEFT-SLIPINC,Right-Slope,Left-
Slope,W_TOTT,W_TOTT_m 

      DIMENSION ARRAY(15) 

      INTEGER::LOCNUM,NELEMMAX 

      CHARACTER*120 PARTNAME 

       REAL::Wear 

       

      REAL::Horiz-Er, Vert-Er 

      common/wear/ 

     & Final-node1,  

     & Final-node12, 

     & Slave-Node-Num,  

     & Master-Node-Num,  

     & Master-Node(30000),  

     & Slave-Node(30000),  

     & Prev-Slide(30000),   

     & Pres-Slide(30000),  



A-2 FORTRAN code to simulate Fretting wear in the head-neck junction 

 

A-2 

 

     & Pressure-Slave(30000),  

     & X-Slave(30000),  

     & Y-Slave(30000),  

     & motion-Slave(30000), 

     & W_TOT(30000), 

     & W_TOT_old(30000),  

     & W_TOT_m(30000),  

     & W_TOT_old_m(30000),    

       

     & End-Node-Slave(100000), 

     & End-Node-Master(100000) 

      control2=0 

      control1=1 

       

      master=0 

       

      LEFT-CP=0 

      RIGHT-CP=0 

      LEFT-SLIPINC=0 

      RIGHT-SLIPINC=0 

      LEFT-X=1.001*XCOORD 

      RIGHT-X=0.999*XCOORD 

       

      Warning=0.1 

       

      NELEMMAX = 500 

      NELEMS = NELEMMAX 

       

      OPEN(unit=19,file='c:\Temp\fretting\head neck wearing\1a.txt',status='unknown') 

       

      Final-node1=NODE       

      CALL GETNODETOELEMCONN(NODE,NELEMS,JELEMLIST,JELEMTYPE, 

     $ JRCD,JGVBLOCK) 

      LOCNUM = 0 

      JRCD = 0 

      PARTNAME = ' ' 

       



Fretting corrosion code A-3 

 

A-3 

 

            

      CALL GETVRMAVGATNODE(NODE,JTYP,'CSTRESS',ARRAY,JRCD, 

     & JELEMLIST,NELEMS,JMATYP,JGVBLOCK) 

      CPRESS = ARRAY(1) 

      CSHEAR = ARRAY(2) 

       

       

      CALL GETVRMAVGATNODE(NODE,0,'CDISP',ARRAY,JRCD, 

     & JELEMLIST,NELEMS,JMATYP,JGVBLOCK) 

      CSLIP = ARRAY(2) 

      COPEN = ARRAY(1) 

      CALL GETPARTINFO(NODE,0,PARTNAME,LOCNUM,JRCD) 

       

       

      CALL GETVRN(NODE,'COORD',ARRAY,JRCD,JGVBLOCK,LTRN) 

      XCOORD=ARRAY(1) 

      YCOORD=ARRAY(2) 

      control2=0 

       

        

      IF(PARTNAME=='PART-2-1')THEN 

                master=1 

        IF(End-Node-Master(NODE)==0)THEN 

            WRITE(18,*)'found a new master',NODE 

            Master-Node-Num=Master-Node-Num+1  

            Slave-Node(Master-Node-Num)=NODE 

            End-Node-Master(NODE)=Master-Node-Num 

              

        END IF  

           

      ELSE  

        IF(End-Node-Slave(NODE)==0)THEN 

            Slave-Node-Num=Slave-Node-Num+1  

            Master-Node(Slave-Node-Num)=NODE 

            End-Node-Slave(NODE)=Slave-Node-Num             

        END IF 

         



A-4 FORTRAN code to simulate Fretting wear in the head-neck junction 

 

A-4 

 

        Pressure-Slave(End-Node-Slave(NODE))=CPRESS 

        X-Slave(End-Node-Slave(NODE))=XCOORD 

        Y-Slave(End-Node-Slave(NODE))=YCOORD 

         

        Pres-Slide(End-Node-Slave(NODE))=CSLIP 

        INCSLIP=CSLIP-Prev-Slide(End-Node-Slave(NODE)) 

               

      END IF 

      Horiz-Er_R=0.00005 

      Horiz-Er_L=0.00005 

      Left-control=0 

      Right-control=0 

       

      IF(master==1)THEN 

         

        DO control1=1,Slave-Node-Num 

            IF(X-Slave(control1).GT.XCOORD)THEN 

                IF(SQRT(((XCOORD-X-Slave(control1))**2)+((YCOORD-Y-
Slave(control1))**2))<Horiz-Er_R)THEN 

                    RIGHT-CP=Pressure-Slave(control1) 

                     

                    RIGHT-SLIPINC=Pres-Slide(control1)-Prev-Slide(control1) 

                    RIGHT-X=X-Slave(control1) 

 

                    Horiz-Er_R=SQRT(((XCOORD-X-Slave(control1))**2)+((YCOORD-Y-
Slave(control1))**2)) 

                     

                    Right-control=1 

                  

                END IF 

            ELSE  

                IF(SQRT(((XCOORD-X-Slave(control1))**2)+((YCOORD-Y-
Slave(control1))**2))<Horiz-Er_L)THEN 

                    LEFT-CP=Pressure-Slave(control1) 

                    LEFT-SLIPINC=Pres-Slide(control1)-Prev-Slide(control1) 

                    LEFT-X=X-Slave(control1) 

                    Horiz-Er_L=SQRT(((XCOORD-X-Slave(control1))**2)+((YCOORD-Y-
Slave(control1))**2)) 



Fretting corrosion code A-5 

 

A-5 

 

                                        Left-control=1 

                   

                END IF 

            END IF 

        END DO 

         

        IF(Right-control==0)THEN 

             

            CPRESS=LEFT-CP 

            INCSLIP=LEFT-SLIPINC 

             

        END IF 

        IF(Left-control==0)THEN 

                        CPRESS=RIGHT-CP 

            INCSLIP=RIGHT-SLIPINC 

        END IF  

        

        IF(Left-control==0.AND.Right-control==0)THEN 

             

            CPRESS=0 

            INCSLIP=0 

        END IF 

 

        IF(Left-control==1.AND.Right-control==1)THEN 

 

        Right-Slope=(RIGHT-CP-LEFT-CP)/(RIGHT-X-LEFT-X)    

        CPRESS=LEFT-CP+Right-Slope*(XCOORD-LEFT-X)    

        Left-Slope=(RIGHT-SLIPINC-LEFT-SLIPINC)/(RIGHT-X-LEFT-X)  

        INCSLIP=LEFT-SLIPINC+Left-Slope*(XCOORD-LEFT-X)   

        END IF 

      END IF 

      Wear=(CPRESS)*ABS(INCSLIP)*0.17e-14*50 

      IF(master==0)THEN      

 

      W_TOTT=Wear+W_TOT_old(End-Node-Slave(NODE)) 

      W_TOT(End-Node-Slave(NODE))=W_TOTT  

      END IF      



A-6 FORTRAN code to simulate Fretting wear in the head-neck junction 

 

A-6 

 

 

      IF(master==1)THEN 

      W_TOTT_m=Wear+W_TOT_old_m(End-Node-Master(NODE)) 

      W_TOT_m(End-Node-Master(NODE))=W_TOTT_m 

      END IF 

       

      IF(KSTEP==1)THEN 

        Wear=0 

      END IF 

       

       

            

      ULOCAL(2)=ULOCAL(2)-Wear 

      

      WRITE (19,*) node,master,Wear,W_TOTT_m,W_TOTT 

      IF(master==0)THEN 

 

       WRITE(18,1000),NODE,CPRESS,CSHEAR,master,Prev-Slide(End-Node-Slave(NODE)), 

     & INCSLIP,Wear,XCOORD,YCOORD 

      ELSE IF(master==1)THEN 

 

       WRITE(16,1000),NODE,CPRESS,CSHEAR,master,Prev-Slide(End-Node-Slave(NODE)), 

     & INCSLIP,Wear,XCOORD,YCOORD 

      END IF 

 

      IF(KINC==1)THEN 

        IF(Master-Node(1)==NODE)THEN 

            WRITE(17,*),'LOADSTEP',KSTEP 

        END IF 

        WRITE(17,*),'0 ','0',XCOORD,YCOORD 

      END IF 

       

      IF(NODE==3377)THEN 

         

        DO control1=1,Slave-Node-Num 

            Prev-Slide(control1)=Pres-Slide(control1)         

        END DO 



Fretting corrosion code A-7 

 

A-7 

 

        DO control1=1,Slave-Node-Num 

            W_TOT_old(control1)=W_TOT(control1)         

        END DO 

        DO control1=1,Master-Node-Num 

            W_TOT_old_m(control1)=W_TOT_m(control1)         

        END DO 

         

        IF(master==1)THEN 

        END IF 

      END IF 

 

 

        Final-node12=NODE 

      END          

 

 

 

 

 

 

 

 

 

 

 

 



B-8 FORTRAN code to simulate Fretting corrosion in the head-neck junction 

 

B-8 

 

Appendix B  FORTRAN code to simulate Fretting 

corrosion in the head-neck junction 

            SUBROUTINE UMESHMOTION(UREF,ULOCAL,NODE,NNDOF, 

     & LNODETYPE,ALOCAL,NDIM,TIME,DTIME,PNEWDT, 

     & KSTEP,KINC,KMESHSWEEP,JMATYP,JGVBLOCK) 

C 

      INCLUDE 'ABA_PARAM.INC' 

C 

       

      DIMENSION ULOCAL(NDIM),JELEMLIST(100000) 

      DIMENSION ALOCAL(NDIM,100000),TIME(2) 

      DIMENSION JMATYP(100000),JGVBLOCK(100000) 

      INTEGER::control2,control1 

      INTEGER::master 

      REAL::CPRESS,CSHEAR,CSLIP,COPEN,XCOORD,YCOORD,INCSLIP,U1,U2,U3,uum,sum 

            REAL::RIGHT-CP,LEFT-CP,RIGHT-SLIPINC,LEFT-SLIPINC,Right-Slope,Left-
Slope,W_TOTT,W_TOTT_m,forcetot, 

      DIMENSION ARRAY(15) 

            INTEGER::LOCNUM,NELEMMAX 

      CHARACTER*80 PARTNAME 

       REAL::Wear,Idens,h0,hf,hn,delta,force,ss,dd,hcorr 

       

      real*4 :: tt 

      REAL::Horiz-Er, Vert-Er 

      common/wear/ 

     & Final-node1,  

     & Final-node12, 

     & Slave-Node-Num,  

     & Master-Node-Num,       

     & Master-Node(30000),  

     & Slave-Node(30000),  



Fretting corrosion code B-9 

 

B-9 

 

     & Prev-Slide(30000),      

     & Pres-Slide(30000),  

     & Pressure-Slave(30000),  

     & X-Slave(30000),  

     & uu(30000),  

     & Y-Slave(30000),  

     & szcrd(30000),  

     & motion-Slave(30000), 

     & W_TOT(30000), 

     & W_TOT_old(30000),  

     & W_TOT_m(30000),  

     & W_TOT_old_m(30000), 

     & h_TOT(30000), 

     & h_TOT_old(30000),  

     & h_TOT_m(30000),  

     & h_TOT_old_m(30000), 

     & hm(30000), 

     & hs(30000), 

     & hsold(30000),  

     & forcem(30000),  

     & f1(30000), 

     & told(30000),  

     & toldm(30000),  

     & tir(30000),  

     & tts(30000), 

     & sim(30000),  

     & tolds(30000),  

     & toldms(30000),  

     & tirs(30000),  

     & ttss(30000),   

     & hmold(30000),  

 

     & End-Node-Slave(100000), 

     & End-Node-Master(100000) 

 

      control2=0 

      control1=1 



B-10 FORTRAN code to simulate Fretting corrosion in the head-neck junction 

 

B-10 

 

      forcetot=0 

       

      master=0 

      LEFT-CP=0 

      RIGHT-CP=0 

      LEFT-SLIPINC=0 

      RIGHT-SLIPINC=0 

      LEFT-X=1.001*XCOORD 

      RIGHT-X=0.999*XCOORD 

       

      Warning=0.1 

       

      NELEMMAX = 500 

      NELEMS = NELEMMAX 

       

      OPEN(unit=19,file='c:\Temp\corrosion\1000w2.txt',status='unknown') 

      OPEN(unit=20,file='c:\Temp\corrosion\1000ww.txt',status='unknown') 

       OPEN(unit=21,file='c:\Temp\corrosion\sum1000w.txt',status='unknown') 

       

      Final-node1=NODE       

      CALL GETNODETOELEMCONN(NODE,NELEMS,JELEMLIST,JELEMTYPE, 

     $ JRCD,JGVBLOCK) 

      LOCNUM = 0 

      JRCD = 0 

      PARTNAME = ' ' 

            

      CALL GETVRMAVGATNODE(NODE,JTYP,'CSTRESS',ARRAY,JRCD, 

     & JELEMLIST,NELEMS,JMATYP,JGVBLOCK) 

      CPRESS = ARRAY(1) 

      CSHEAR = ARRAY(2) 

       

      CALL GETVRMAVGATNODE(NODE,0,'CDISP',ARRAY,JRCD, 

     & JELEMLIST,NELEMS,JMATYP,JGVBLOCK) 

      CSLIP = ARRAY(2) 

      COPEN = ARRAY(1) 

      CALL GETPARTINFO(NODE,0,PARTNAME,LOCNUM,JRCD) 
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      CALL GETVRN(NODE,'COORD',ARRAY,JRCD,JGVBLOCK,LTRN) 

      XCOORD=ARRAY(1) 

      YCOORD=ARRAY(2) 

      ZCOORD=ARRAY(3) 

      CALL GETVRN(NODE,'U',ARRAY,JRCD,JGVBLOCK,LTRN) 

      U1=ARRAY(1) 

      U2=ARRAY(2) 

      U3=ARRAY(3) 

      control2=0 

      IF(PARTNAME=='PART-1-1')THEN 

        master=1 

        IF(End-Node-Master(NODE)==0)THEN 

            WRITE(18,*)'found a new master',NODE 

            Master-Node-Num=Master-Node-Num+1  

            Slave-Node(Master-Node-Num)=NODE 

             

            End-Node-Master(NODE)=Master-Node-Num 

              

        END IF  

           

      ELSE  

        IF(End-Node-Slave(NODE)==0)THEN 

            Slave-Node-Num=Slave-Node-Num+1  

            Master-Node(Slave-Node-Num)=NODE 

             

            End-Node-Slave(NODE)=Slave-Node-Num      

             

        END IF 

         

               

        Pressure-Slave(End-Node-Slave(NODE))=CPRESS 

        X-Slave(End-Node-Slave(NODE))=XCOORD 

        Y-Slave(End-Node-Slave(NODE))=YCOORD 

        szcrd(End-Node-Slave(NODE))=ZCOORD 

        Pres-Slide(End-Node-Slave(NODE))=CSLIP 

        INCSLIP=CSLIP-Prev-Slide(End-Node-Slave(NODE)) 
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         uu(End-Node-Slave(NODE))=U1       

        END IF 

      

       

      Horiz-Er_R=1.5e-5 

      Horiz-Er_L=1.5e-5 

      Left-control=0 

      Right-control=0 

       

      IF(master==1)THEN 

           

         

        DO control1=1,Slave-Node-Num 

             

            IF(X-Slave(control1).GT.XCOORD)THEN 

             

                IF(SQRT(((XCOORD-X-Slave(control1))**2)+((ZCOORD-
szcrd(control1))**2))<Horiz-Er_R)THEN 

                 

                    RIGHT-CP=Pressure-Slave(control1) 

                     

                    RIGHT-SLIPINC=Pres-Slide(control1)-Prev-Slide(control1) 

                    RIGHT-X=X-Slave(control1) 

                     

                    Horiz-Er_R=SQRT(((XCOORD-X-Slave(control1))**2)+((ZCOORD-
szcrd(control1))**2)) 

                     

                    Right-control=1 

                  

                END IF 

            ELSE  

                IF(SQRT(((XCOORD-X-Slave(control1))**2)+((ZCOORD-
szcrd(control1))**2))<Horiz-Er_L)THEN 

                     

                    LEFT-CP=Pressure-Slave(control1) 

                     

                    LEFT-SLIPINC=Pres-Slide(control1)-Prev-Slide(control1) 
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                    LEFT-X=X-Slave(control1) 

                     

                    Horiz-Er_L=SQRT(((XCOORD-X-Slave(control1))**2)+((ZCOORD-
szcrd(control1))**2)) 

                     

                    Left-control=1 

                   

                END IF 

            END IF 

        END DO 

         

 

        IF(Right-control==0)THEN 

            CPRESS=LEFT-CP 

            INCSLIP=LEFT-SLIPINC 

             

        END IF 

        IF(Left-control==0)THEN 

             

            CPRESS=RIGHT-CP 

            INCSLIP=RIGHT-SLIPINC 

        END IF         

        IF(Left-control==0.AND.Right-control==0)THEN 

             

            CPRESS=0 

            INCSLIP=0 

        END IF 

        IF(Left-control==1.AND.Right-control==1)THEN 

         

        Right-Slope=(RIGHT-CP-LEFT-CP)/(RIGHT-X-LEFT-X)    

        CPRESS=LEFT-CP+Right-Slope*(XCOORD-LEFT-X)     

        Left-Slope=(RIGHT-SLIPINC-LEFT-SLIPINC)/(RIGHT-X-LEFT-X)  

        INCSLIP=LEFT-SLIPINC+Left-Slope*(XCOORD-LEFT-X)   

        END IF 

        END IF 

         

      IF(master==1)THEN 
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          force=(CPRESS*(1.71e-10)) 

          forcem(End-Node-Master(NODE))=force 

          DO control1=1,Master-Node-Num 

           forcetot=forcetot+forcem(control1) 

           sim(control1)=forcetot 

           end do         

                     

      end if 

      uum=uu(End-Node-Slave(9278)) 

       

      

 

       

      IF(master==0)THEN 

          forcetot=sim(End-Node-Master(3304)) 

          end if 

 

       

      delta=((844.46e-6)*((forcetot)**(-0.467)))     

        

                 

       

        

       if (CPRESS.LT.6e6) then 

           Idens=0 

       END if 

       if ((CPRESS.GE.6e6).AND.(CPRESS.LT.174e6)) then 

           Idens=((5.98e-12)*CPRESS+4.15e-4)*(1e4) 

       END if 

       if ((CPRESS.GE.174e6).AND.(CPRESS.LT.271e6)) then 

           Idens=((-3.43e-12)*CPRESS+2.06e-3)*(1e4) 

       END if 

       if ((CPRESS.GE.271e6).AND.(CPRESS.LT.349e6)) then 

           Idens=((4.49e-12)*CPRESS-9.12e-5)*(1e4) 

       END if 

       if ((CPRESS.GE.349e6).AND.(CPRESS.LT.548e6)) then 
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           Idens=((-2.34e-12)*CPRESS+2.3e-3)*(1e4) 

       END if 

       if ((CPRESS.GE.548e6).AND.(CPRESS.LT.651e6)) then 

           Idens=(7.5e-4)*(1e4) 

       END if 

       if ((CPRESS.GE.651e6).AND.(CPRESS.LT.733e6)) then 

           Idens=((-5.03e-12)*CPRESS+4.27e-3)*(1e4) 

       END if 

       if (CPRESS.GE.733e6) then 

           Idens=(5.84e-4)*(1e4) 

       END if 

        

       if(master==0) then 

        hn=hsold(End-Node-Slave(NODE)) 

       if (CPRESS.GT.0.and.ABS(INCSLIP).GT.0) then 

           h0=(Idens*delta*(6e-13))/((ABS(INCSLIP))) 

            

           if (h0.GT.0) then 

           hn=h0 

           end if 

           hs(End-Node-Slave(NODE))=hn   

       end if   

       

       tt=time(1)-toldm(End-Node-Master(3292)) 

        

       

        if (tt==0.or.tt==0.2.or.tt==0.4.or.tt==0.6.or.tt==0.8) then 

            

          hm(End-Node-Slave(NODE))=0 

      hn=0 

       end if 

       END if    

        

       IF(master==1)THEN 

             

           

       hn=hmold(End-Node-Master(NODE)) 
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       if (CPRESS.GT.0.and.ABS(INCSLIP).GT.0) then 

           h0=(Idens*delta*(6e-13))/((ABS(INCSLIP))) 

            

           if (h0.GT.0) then 

           hn=h0 

           end if 

           hm(End-Node-Master(NODE))=hn   

                                                             

       END if 

        

      tir(End-Node-Master(NODE))=time(1) 

      tt=time(1)-toldm(End-Node-Master(3292)) 

        

      tts(End-Node-Master(NODE))=tt 

                 

       if (tt==0.or.tt==0.2.or.tt==0.4.or.tt==0.6.or.tt==0.8) then 

           DO control1=1,Master-Node-Num 

                

           sum=sum+hm(control1) 

           end do 

          hm(End-Node-Master(NODE))=0 

      hn=0 

       end if 

        

        END if 

       

        if (tt==0.1.or.tt==0.3.or.tt==0.5.or.tt==0.7) then 

        hcorr=0.75*hn 

        end if  

      Wear=(CPRESS)*ABS(INCSLIP)*2.8e-14 

       

      IF(master==0)THEN    

          if (time(1).GT.0.1) then 

      h_TOTT=hcorr+h_TOT_old(End-Node-Slave(NODE)) 

      h_TOT(End-Node-Slave(NODE))=h_TOTT  

      end if 

      END IF  
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      IF(master==1)THEN 

      h_TOTT_m=hcorr+h_TOT_old_m(End-Node-Master(NODE)) 

      h_TOT_m(End-Node-Master(NODE))=h_TOTT_m 

       

      END IF 

       

      IF(master==0)THEN      

      W_TOTT=Wear+W_TOT_old(End-Node-Slave(NODE)) 

      W_TOT(End-Node-Slave(NODE))=W_TOTT  

      END IF      

      IF(master==1)THEN 

      W_TOTT_m=Wear+W_TOT_old_m(End-Node-Master(NODE)) 

      W_TOT_m(End-Node-Master(NODE))=W_TOTT_m 

      END IF 

       

      IF(KSTEP==1)THEN 

        Wear=0 

      END IF 

             

      if (time(1).GT.0.1) then      

      ULOCAL(3)=ULOCAL(3)-Wear-hcorr 

      end if 

       

      WRITE (20,*) node,master,Wear,W_TOTT_m,W_TOTT 

      WRITE (19,*) node,master,hcorr,h_TOTT_m,h_TOTT 

      WRITE (21,*) node,master,tt,uum,sum 

       

      IF(master==0)THEN 

       WRITE(18,1000),NODE,CPRESS,CSHEAR,master,Prev-Slide(End-Node-Slave(NODE)), 

     & INCSLIP,Wear,XCOORD,YCOORD 

      ELSE IF(master==1)THEN 

       WRITE(16,1000),NODE,CPRESS,CSHEAR,master,Prev-Slide(End-Node-Slave(NODE)), 

     & INCSLIP,Wear,XCOORD,YCOORD 

      END IF 

       

      IF(KINC==1)THEN 
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        IF(Master-Node(1)==NODE)THEN 

            WRITE(17,*),'LOADSTEP',KSTEP 

        END IF 

        WRITE(17,*),'0 ','0',XCOORD,YCOORD 

      END IF 

       

       

       

      IF(NODE==3304)THEN 

           

         

        DO control1=1,Slave-Node-Num 

            Prev-Slide(control1)=Pres-Slide(control1)         

        END DO 

         

        DO control1=1,Slave-Node-Num 

            W_TOT_old(control1)=W_TOT(control1)         

        END DO 

        DO control1=1,Master-Node-Num 

            W_TOT_old_m(control1)=W_TOT_m(control1)          

        END DO 

         

        DO control1=1,Slave-Node-Num 

            h_TOT_old(control1)=h_TOT(control1)         

        END DO 

        DO control1=1,Master-Node-Num 

            h_TOT_old_m(control1)=h_TOT_m(control1)         

        END DO 

         

        DO control1=1,Master-Node-Num 

            if (hm(control1).GT.0) then 

                hmold(control1)=hm(control1) 

            end if 

        END DO 

        DO control1=1,Slave-Node-Num 

            if (hs(control1).GT.0) then 

                hsold(control1)=hs(control1) 
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            end if 

        END DO 

         

        

          

                     

         

        DO control1=1,Master-Node-Num 

           if (tts(control1)==0.8) then 

                told(control1)=tir(control1) 

            end if 

            if (tts(control1).LT.0.8) then 

                told(control1)=0 

            end if 

            if (told(control1).GT.toldm(control1)) then 

                toldm(control1)=told(control1) 

            end if 

         

        END DO 

        

         

      END             
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