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Abstract

:

The micro-abrasion wear mechanisms for CoCrMo against variable size alumina balls, representing typical artificial femoral head sizes, were investigated over a range of applied loads in foetal calf serum solution. SEM analysis of resulting wear scars displayed two-body and mixed-mode abrasion modes of wear. The wear factor, κ, was found to range between 0.86 and 22.87 (10−6 mm3/Nm). Micro-abrasion mechanism and wastage maps were constructed for the parameter range tested. A dominant two- to three-body abrasion regime was observed with an increasing load and ball diameter. The 28-mm ball diameter displayed the lowest wastage, with an increasing load. Proteins may act to reduce the severity of contact between abrasive particles and bearing surfaces. Wear volumes did not necessarily increase linearly with applied load and ball diameter; therefore, there is a need to develop more accurate models for wear prediction during micro-abrasion conditions. Wear mapping for hip replacements could provide a useful aid for pre-clinical hip wear evaluations and long-term performance.
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1. Introduction


Total hip arthroplasty (THA) has become one of the most successful and cost-effective procedures in modern medicine [1] since its introduction and advancement in the 1960s by the British orthopaedic surgeon Sir John Charnley [2]. Each year, approximately one million patients undergo (THA) surgery worldwide, owing to pain and discomfort due to osteoarthritis [3]. The National Joint Registry indicates there are over 83,000 such operations carried out across England and Wales yearly [4], and this is likely to rise by an estimated 170% by 2030 [2]. The increasing trend in the number of people undergoing primary THA and revision surgery is being driven by an ageing population, an increasing rate of obesity, a decreasing average age at the first operation, and the limited life span of prostheses [2,3].



Hip prostheses have been subject to continuous research and development in order to increase their lifespan and reduce the likelihood of complications and revision surgery. This is reflected by the large variety of hip prostheses currently on the market, and rapid innovations in the field. Several cup–head material combinations are currently used, namely ultra-high molecular weight polyethylene (UHMWPE) with cobalt–chromium–molybdenum (CoCrMo) alloys or alumina heads, or hard-on-hard bearings where both the cup and head are made of CoCrMo or alumina [3,5,6]. As a result of the poor clinical performance and high rates of failure, the use of metal-on-metal (MoM) implants has virtually ceased across England and Wales due to wear and metallic ion release [4].



1.1. Hip Replacement Wear


The most important limiting factor in the long-term survival and lifespan of hip prostheses is recognised as wear; therefore, extensive research in hip prostheses has been focussed on the tribological aspects of THA [5,7,8,9]. Even though technological advances in hip prostheses have reduced many of the problems associated with these devices, hip prostheses currently average a service life of 15–20 years [3]. Modularity, larger femoral heads and bone conservation are the present trends in implant design.



In evaluating the wear of a tribological system, it is very important to understand the types of wear that are involved. Retrieval studies on Total Hip Replacements (THR) show clear evidence of micro-scale abrasive wear [5,10,11,12], polishing wear [5,12,13,14], and the significance of tribocorrosion layers formed on hip bearing surfaces [15,16,17]. Wear debris due to the abrasive action of carbides has been shown in CoCrMo alloys [7] and there is clear evidence of the action of third-body particles such as bone or bone cement [7,18]. In addition, hip simulator studies have shown that the wear of ceramic-on-metal (alumina head articulating against a CoCrMo metal cup) decreases by up to 100 times relative to MoM hip-bearing couples, and up to five times compared with ceramic-on-ceramic couples [19,20], attributed to their improved lubrication and low surface roughness values. Ceramic components in hip replacement are increasingly being used in THA due to the potential advantage of lower wear rates compared with metallic components [3,21]. In addition to lower wear rates, ceramic heads also have the potential to reduce the risk of modular taper corrosion at the head–neck junction, and decrease the risk of instability or dislocation [5]. The main limiting factor of ceramic as a load-bearing joint replacement is the risk of fracture due to impact and associations with an intolerable bearing noise or squeaking [5,21,22].




1.2. Micro-Scale Abrasion


While hip retrieval studies and hip simulator studies are essential for understanding wear in hip replacement, these can often be lengthy and costly procedures. Micro-scale abrasion testing allows for rapid, low-cost and repeatable wear studies for small samples of materials [23] for dry or lubricated conditions, which often include abrasive particles to accelerate the wear process. Several researchers have developed modified test rigs to include an integrated electrochemical three-electrode setup, in order to investigate the corrosion aspect of wear, in addition to the mechanical wear during micro-abrasion in simulated physiological conditions [24,25,26]. Abrasion, or micro-scale abrasion wear can be broadly characterised as a two-body, or three-body process [27], depending on system parameters, such as the applied load, sliding distance, volume fraction of abrasive particles and material hardness and roughness [1,28]. In hip replacements the two bodies refer to the two bearing surfaces, the femoral head and acetabular cup, where a third body may be any material present between the contacting surfaces interface; which as mentioned includes bone or bone cement particles, and also wear debris generated from either of the contacting surfaces.




1.3. Importance of Femoral Head Diameter


The Charnley low-friction arthroplasty is still regarding as the ‘gold standard’ for hip replacement [5], consisting of a relatively small stainless steel head diameter between 22.225 mm 25.75 mm coupled against a polymeric cup. With the occurrences of implant dislocations, newer designs such as the Müller and Exeter hip employed larger head sizes up to 32 mm [5] to reduce this risk, but also contributed to the increasing use of cobalt–chromium–molybdenum (CoCrMo) as a hip bearing material. The various clinical issues associated with implant loosening due to polymer debris in metal-on-polymer hips are well documented [3,5,9]. With the rising use of metal-on-metal, or hard-on-hard bearings as an alternative to metal-on-polymer designs, larger femoral head sizes, typically above 36 mm, were introduced, increasing joint stability, the range of motion and reducing the risk of dislocation [3,5,29]. Despite newer larger metal-on-metal bearings eliminating concerns over polymeric wear, national joint registries [4] showed significantly higher failure rates for large head metal-on-metal hips, and are now virtually been abandoned in clinical practice [29]. As mentioned previously, ceramic femoral heads are increasingly being used in THA due to their lower wear rates and improved lubrication, commonly paired with a polymer or ceramic cup [5,29]. Firkins et al. [19] found that ceramic-on-metal can dramatically reduce the wear rates during hip simulations compared to metal-on-metal. The ceramic head appears to polish the metallic cup, improving the surface finish with time and enhancing lubrication [5]. However, despite these promising findings, little work has been done towards investigating the micro-abrasion mechanisms in a ceramic-on-metal cup. The question in this study is focussed on establishing a clearer understanding of the micro-abrasion behaviour of a ceramic-on-metal bearing in abrasive conditions.




1.4. Wear Mapping


Wear mapping is a two-dimensional or three-dimensional user-friendly representation of wear data [30]. Such a tool in engineering can provide a powerful means to describe wear mechanisms, interactions and transitions during the wear process [31,32] serving as a quick, albeit approximate, guide of suitable operating conditions for components intended for tribological interactions in a larger system. Lim and Ashby demonstrated mapping of wear mechanisms as early as 1987 [33], and in more recent times, wear behaviours for biomedical implant materials [34,35], and biological materials [36] have been demonstrated. Wear mapping for biomedical implants is a developing and essential area of research.



The purpose of this preliminary study is to investigate and evaluate the micro-abrasion wear behaviour of CoCrMo and Al2O3 (aluminium oxide or alumina) metal-on-ceramic couples under abrasive and idealised hip contact conditions; to construct corresponding micro-abrasion wear maps for a range of ball sizes, representing femoral head diameters, over a range of applied loads. The objective is therefore to identify and evaluate the basic wear mechanisms and transitions occurring during micro-abrasion, and to establish micro-abrasion wear maps for the test parameter range.





2. Materials and Methods


2.1. Experimental Overview


Figure 1 shows a schematic diagram of the micro-scale abrasion apparatus (Plint TE-66, Phoenix Tribology, Reading, UK). Briefly, an alumina (Al2O3) ball is clamped between coaxial shafts and driven by a variable speed DC motor. Shaft revolutions are counted by a batch counter connected to the shaft. A flat cobalt chromium molybdenum (CoCrMo) sample is mounted vertically on a pivoted arm and is loaded against the ball by a dead weight hanging from the horizontal shaft. An abrasive slurry of silicon carbide (SiC) particles suspended in a mixture of foetal calf serum and sodium chloride (NaCl) solution is fed to a point proximal to the contact interface. The slurry is stored in a glass container and constantly agitated with a mechanical stirrer during the test. The slurry is pumped by an integral peristaltic pump at a pump feed rate of 1 mL s−1. Tests are repeated for a range of applied loads and different ball radii.




2.2. Test Materials


Low-carbon CoCrMo alloy samples (ASTM F-1537) (ATI, Pittsburgh, PA, USA), supplied as flat 4-mm-thick disks 29-mm in diameter, were used in the micro-abrasion tests. The chemical composition for the CoCrMo alloy is shown in Table 1. Prior to testing, the samples (Table 2) were ground and polished by conventional metallographic techniques using SiC paper up to 2000 grit and were subsequently polished to a mirror finish. The sample was polished to a mirror finish using a 0.05-µm colloidal silica paste (surface roughness: Ra = 0.002 ± 0.01 µm), representing the polished surface materials used in hip implants. The surface roughness of the CoCrMo sample was measured using an MFP-3D Atomic Force Microscope (Asylum Research, Goleta, CA, USA).



Aluminium oxide, more commonly known as alumina (Al2O3) (Redhill Precision, Czech Republic), grade 28 balls were supplied in varying sizes (25, 28, 32, and 35 mm) for the counter-face rotating ball, representing a range of femoral head diameters. The alumina balls were unused prior to testing (surface roughness: Ra = 0.050 ± 1.4 µm). The ball diameters were selected to investigate the effect of varying femoral head sizes in a ceramic-on-metal bearing.



The slurry solution is composed of 0.9 wt. % sodium chloride (NaCl) (Sigma-Aldrich, Darmstadt, Germany) with 10 vol. % foetal calf serum (FCS) (Biosera, Nuaillé, France). The solution represents a simple simulated biological fluid with a pH value of 7.3, containing a similar level of chloride occurring in the human body. The FCS was stored in a freezer and defrosted to room temperature within 24 h of testing to prevent the decomposition of the protein. Grade F-1200 silicon carbide (SiC) particles (UKGE Ltd., Suffolk, UK) were used as third-body abrasive particles, with a mean particle size of 3.5 ± 0.5 μm. The particle grains were highly irregular and angular. The final slurry volume fraction used in this study was 0.0078 (0.025 g mL−1) and remained constant for each test.




2.3. Testing Procedure


The CoCrMo sample is prepared and mounted securely in the vertical specimen holder as described earlier. The specimen holder is fitted to a pivoted L-shape arm, which can be rotated to bring the sample into contact with the alumina ball. Each test is conducted for a duration of 30 min, equivalent to a sliding distance of 235.53 m for the 28-mm ball, and up to 329.74 m for the 35-mm ball. The slurry solution is pumped at a feed rate of 1 mL s−1, based on the 0.5mm bore at the head of the pump. Table 3 provides of summary of the testing conditions.



A load is applied by adding dead weights to the cantilever arm (Figure 1). The range of applied loads tested during this study was 0.5–5 N. The sample is brought to a position just in front of the ball, using the counterweight to ensure that all force applied to the specimen is exerted from the dead weights. In this position, the appropriate weights are added. It is possible to conduct several tests on a single specimen by shifting the sample holder arm in a horizontal direction. In this study, a new specimen was used for each ball size. In total, 20 tests were carried out over five loads (0.5, 1, 2, 3, 5 N) and four ball radii (25, 28, 32, 35 mm), representing different femoral head sizes. Prior to testing, the CoCrMo specimens were washed ultrasonically and air dried. After completion of testing, the specimens were rinsed with distilled water and dried in air to retain the proteinaceous surface material.




2.4. Wear Data Analysis


Following micro-abrasion testing, the wear scars were observed by scanning electron microscopy (SEM) to identify the dominant wear mechanisms and wear features. In this study, the surface topography analysis and resulting micrographs were acquired using a tungsten filament SEM (Hitachi S-3700, Hitachi, Krefeld, Germany). Prior to imaging, the specimen was rinsed in distilled water and allowed to dry in air. Each resulting wear scar was imaged at varying magnifications to capture and measure the details of the wear scar diameter and surface wear scar features or patterns. An example of a typical wear scar micrograph is shown in Figure 2.
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The volume of material loss (V) can be calculated using an established method for measuring the wear of a spherical geometry in Equation (1) [37], by measuring the crater diameter (b) (Figure 2), and the ball radius R (for b << R), i.e., it is assumed that the shape of the wear crater conforms to the shape of the ball.



It is conventional to interpret wear loss data in terms of an Archard or Rabinowicz wear equation [38], as given by Equation (2). This simple model (as proposed by Rutherford and Hutchings [37]) is obeyed well under most conditions for bulk materials experiencing abrasive wear, and is completely equivalent to the Archard equation for sliding wear, where the volume of wear V is dependent on the sliding distance S and the applied normal load N, and κ is the specific wear rate or wear coefficient. Each wear scar represents one experimental result; in this study, the error in the results was estimated to be ±9% based on the average of results from three consecutive tests. Wear loss data based on this analysis was evaluated and mapped to identify regions of micro-abrasion wastage and transitioning behaviours.





3. Results


3.1. SEM Analysis of Wear Scars


Wear scars formed on the CoCrMo surface following the micro-abrasion tests were inspected using SEM, as described earlier. Micro-abrasion wear regimes, processes and scar diameters could be determined under high magnification. The volume loss V of the material was estimated from the wear scar diameter, as given by Equation (1).



Generally, the wear scars could be clearly classified as either exhibiting uniform parallel grooves, as shown in Figure 3a,b, associated with the micro-cutting action of abrasive particles entrained through the contact surface by the ball, or as effectively remaining in a fixed position on the ball—usually referred to as two-body abrasion. The grooves formed on the surface are likely to be due to the SiC particles becoming entrained between the ball and CoCrMo. On the other hand, the scars could be classified as exhibiting a lesser groove formation, often prominent towards the centre of the scar and surrounded by multiple indents or no visible indication of groove formation (Figure 3c,d), associated with the motion of particles rolling (as a third body) between the sample and ball surface, referred to as third-body abrasion. Conglomerates of wear debris were a common feature found on the wear scars in this study, seen as dark patches and shown in Figure 3d circled in white. It has been established in other work [39] that proteins are likely to adsorb to the metallic surface when immersed in a protein-containing solution. Since a protein solution was constantly fed to the sample and ball contact, a protein layer is expected to form on the material surfaces; therefore, wear debris are likely to become entwined with the protein in the wear area during the sliding process.




3.2. Wear Volumes


The variation of wear volumes for CoCrMo during micro-abrasion under different applied loads and ball sizes are shown in Figure 4. The error in wear volume measurement was estimated to be ±9% based on the average of three consecutive tests. The corresponding mass losses, Kac (defined as the mass loss due to abrasion and corrosion) can be determined by multiplying the wear volumes by the density of CoCrMo and are shown in Figure 5. It is important to note that the electrochemical (corrosion) behaviour of CoCrMo is an important aspect of the overall wear process; however, the present study was focussed on evaluating the overall wear volumes during the micro-abrasion process. Over the parameter test range investigated, CoCrMo generally exhibited a nonlinear wear loss trend. A maximum wear volume loss occurred at a load of 3 N and for the 32-mm ball, whereas minimal wear loss occurred at a load of 1 N for the 28-mm ball. It can also be seen that there was a general reduction in wear volume for the larger 35-mm ball relative to the smaller 32-mm ball, except during a load of 2 N, where the 35-mm ball exhibited a higher wear loss relative to the smaller ball diameters. Overall, the wear volumes did not appear to follow a linear trend when increasing the applied load or ball size—instead, they fluctuates over the parameter range, indicating there are other factors involved during the micro-abrasion wear process, independent of the applied load and ball size contributing to the wear process. This suggests a simple wear model, as proposed in the Archard wear equation (Equation (2)), in which the wear volume increases linearly with the applied load or sliding distance, which may not accurately predict wear behaviours during micro-abrasion conditions. There is no evidence to suggest a larger ball size or applied load, under the conditions tested, result in increased wear and vice versa.



The dimensional wear coefficient, κ, commonly referred to as the wear factor in orthopaedic hip wear studies [5], is determined from the equivalent Archard wear equations, as given in Equation (2). κ is commonly quoted in terms of wear volume per unit load per unit sliding distance (mm3/Nm), indicating the severity of wear, and allows for comparisons of materials for engineering applications [40]. A summary of the wear factors, κ, for the present study are provided in Table 4. It can be seen from Figure 6 the CoCrMo displays a wear factor of around 10−6 mm3/Nm over the test parameter range. The smallest ball size, 25 mm, exhibited a maximum wear factor, κ, of 22.87 at 0.5 N and is seen to dramatically reduce with increasing load. In a similar fashion, the wear factor, κ, was shown to decrease linearly for the range of ball sizes with an increasing load. A minimum wear factor, κ, was displayed by the 28-mm ball at a load 1 N. These results indicate the wear process may not necessarily decrease with an increasing ball size, suggesting that other factors, independent of bearing radius, could be involved during the micro-abrasion wear process.




3.3. Contact Pressures


To fully appreciate the overall wear processes during micro-abrasion, it is useful to estimate the pressures generated at the bearing contact interface. The contact radius between the CoCrMo and alumina ball may be determined, where the radius of the contact, a, is given by the well-known Hertzian contact equation (Equation (3)) [41]:


   a =    (    3 N R   4  E *     )     1 3      



(3)




where N is the applied load, and R is the ball radius. The equivalent Young’s modulus, E* may be determined as given by Equation (4):


    1   E *    =   1 −  v 1 2     E 1    +   1 −  v 2 2     E 2      



(4)




where E and v are the Young’s modulus and Poisson’s ratio for the contact bearings; the suffices one and two refer to the CoCrMo and alumina. Moreover, the Hertzian contact stress equation, as given by Equation (5) [42], may be used to estimate the theoretical maximum contact stress pmax as:


    p  m a x   =   3 N   2 π  a 2      



(5)







The Hertzian maximum contact pressures, pmax over the test parameter range are shown in Figure 7. It can be seen that there is a clear linear trend: as the applied load is increased there is an increase in the contact pressures. Similarly, with an increasing ball radius, the contact pressure is reduced, indicating larger ball sizes that experience lower contact pressures. Naturally, larger ball sizes provide a larger surface area for the pressure to be distributed and therefore lower pressures should be expected. It should be noted that the contact pressures shown in Figure 7 are shown for the initial contact between the ball and sample. As the wear scar is generated and increases in size during micro-abrasion, the pressure between the bearings is significantly reduced. It is therefore useful to determine the final contact pressures acting on the wear scar following wear scar formation (3000 ball revolutions). With knowledge of the measured wear scar diameter, this may be estimated in the same way using the Hertizian stress equation (Equation (5)) shown in Figure 8. It is interesting to observe the significantly reduced contact pressures relative to the initial contact pressures, ranging between 1 and 8 MPa. The final contact pressures, as with the initial ones, exhibit a linear increase with an applied load for the range of ball sizes. These results, however, indicate the lowered contact pressure from the initial to the final contact may not decline at a constant predictable rate. It can be seen that the 28-mm ball displays the highest final contact pressures relative to the range of ball sizes, whereas the 32-mm ball generally displays the lowest values over the range of applied loads. Therefore, it is clear that the contact pressure, during micro-abrasion, is significantly reduced with increasing wear but not necessarily at a predictable rate.




3.4. Severity of Contact, S


Adachi and Hutchings [1,43] developed, and have demonstrated, the usefulness of the term severity of contact, a dimensionless quantity relevant to micro-abrasion investigations. The severity of contact describes the dominant wear mode during the micro-abrasion of a material couple, which can be a three-body rolling or two-body grooving wear mode. It is important to know the precise wear mode occurring in the wear area. The wear mode is closely related to the severity of contact and the hardness ratio between the sample and ball. The severity of contact Sc is given by Equation (6):


    S c  =  N  A v H ′     



(6)







This relates the applied load, N, equivalent material hardness for the bearing materials, H′, abrasive volume fraction, v, and the interaction area A; the equivalent hardness H′ is given by Equation (7), where Hb and Hs represent the hardness of the ball and sample, respectively:


    1  H ′   =  1   H b    +  1   H s      



(7)







The interaction area A, is an estimation of the true area of contact between the surfaces of the ball, sample and abrasive particles, as given by Equation (8) [1]:


   A = π  (   a 2  + R D  )    



(8)




where a is the Hertzian contact radius determined by Equation (3), R the ball radius, and D is the diameter of the abrasive particles.



The severity of contact, Sc, has been plotted as a function of the applied load over the different ball diameters shown in Figure 9. The severity of contact, Sc for the range of balls and applied loads is found to range between values of 10−2 and 1. It can be clearly seen that the severity of contact, Sc increases with increasing applied load, suggesting an increasing load intensifies the wear process, i.e., increasing severity. In terms of ball size, the severity of contact, Sc is shown to reduce with increasing ball radius, indicating reduced severity with increasing ball size as shown Figure 9.



It is further useful to inspect the quantity, S*, developed by Adachi and Hutchings [1]; a threshold value used to define the transition boundary from three-body rolling to two-body grooving, during micro-abrasion, which is likely to occur when the severity of contact, Sc exceeds this value. The condition, therefore, defining the threshold, where three-body rolling will likely occur below, and two-body grooving likely above the threshold value is given by Equation (9) [1]:


    S c  =  N  A v H ′   ≤ a    (     H s     H b     )   β    



(9)
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α and β are empirical constants for which the values and have been shown to be valid over a wide range of experimental conditions [1], and so the given values were employed in the present analysis for conventional and comparative purposes. A summary of the results is provided in Table 4. The threshold value, S* as shown in relation to the severity of contact, Sc Figure 9. The severity of contact, in the present study, far exceed the threshold value S* over the entire parameter range. This suggests, theoretically, the dominant wear mode likely to be observed over the parameter range is a two-body grooving mode; and since the severity of contact values far exceed threshold, S*, it should be unlikely to observe three-body rolling mode [1].





4. Discussion


4.1. Wear Scar Topography


Over a range of applied loads and ball sizes, in the presence of a protein and abrasive particle solution during micro-abrasion, the wear scars displayed a dominant ridged or grooved topography. This indicates a two-body abrasion regime dominated for most of the wear tests as shown in Figure 3a,b. Earlier work conducted by Trezonna et al. [44] concluded that the formation of ridges on the wear scar surface form as a result of entrainment of abrasive particles in the wear contact. Similarly, this has been found to be the case in studies conducted by Stack et al. [45] investigating the micro-abrasion transitions of metallic materials. In this work it has been observed, the ridge formation is more likely at higher loads, but this is not necessarily a linear relationship, since evidence of a mixed-mode (two-body grooving and three-body rolling) has been observed (Figure 3c,d) at intermediate applied loads and ball diameters; and so there are clearly other factors that must be considered to explain the complete wear mechanisms during the range of parameters investigated in this present study.




4.2. Wear Volumes


A simple abrasion wear model equivalent to the Archard model Equation (2) predicts that the wear volume should be directly proportional to the total sliding distance, such that the volume of wear loss per unit sliding distance remains constant. In the case of micro-abrasion testing, it should be recognised that the wear contact increases with the sliding distance. Furthermore, this can be verified by examining the wear scar surface after testing, which are clearly and distinctly formed on the sample surface. In addition, the initial Hertzian maximum contact pressures (Figure 7) have been estimated to range between 200 and 542 MPa for the conditions tested in this study. However, these values are significantly reduced reaching final Hertzian contact pressures (Figure 8) ranging between 1 and 8 MPa, for the conditions tested. Assuming that the concentration of the abrasive particle solution remains constant during testing, then the load per abrasive particles will decrease as the wear volume increases. Therefore, it is not certain that the wear volume per unit sliding distance should necessarily remain constant for the duration of micro-abrasion testing, and this may explain the variation of wear volumes as a result of abrasive particle activity and change of pressure in the wear contact. This was observed by the measured wear volumes (Figure 4) displaying a non-linear trend over the parameter range, suggesting the wear process, during micro-abrasion, is not a simple case of applying the Archard wear model to predict the wear volumes.




4.3. Wear Mapping


Micro-abrasion wear maps have been developed by several researchers [1,45], demonstrating a useful approach for characterising wear rates, modes and transitions over a given range of operating parameters. However, there has been limited work in mapping the micro-abrasion for biomaterials operating in simulated physiological solutions. In earlier work Stack et al. [45] proposed a technique for developing micro-abrasion transition maps, building on original analysis for abrasive wear developed by Williams and Hynica [46]. Williams and Hynica defined the transitioning boundaries, three-body rolling to two-body grooving abrasion during micro-abrasion, as determined by a critical ratio (D/h), between the abrasive particle major axis (D) and distance (h) between the two counter surfaces. Stack et al. [45,47] proposed dividing the micro-abrasion mechanism as a function of increasing load and wear volumes as:




	
two- to three-body micro-abrasion: three-body rolling abrasion transitioning into two-body grooving, indicating a linearly increasing wear volume with increasing load.



	
two-body ridging (two-body-r) micro-abrasion: for which ‘ridging’ (r) indicates a two-body grooving transition to ridge formation. A decreasing wear volume with increasing load is observed during this regime as a result of particle entrapment within the ridge spaces, or particles being forced out of the wear contact zone towards the outer wear scar.








The predicted wear mechanisms can be otherwise verified by means of SEM analysis of the surface topography. These images can be studied to determine which mechanisms appear to have been present. In this work, there is little indication of increase in wear volume with increasing load, hence, following the methodology devised by Stack et al. the regime corresponds to a two- to three-body regime, as defined above. A mixed-mode regime, corresponding to a two- to three-body abrasion scheme, was found to occur at loads less than 1 N. At larger ball diameters, above 28 mm, mixed-mode abrasion is prolonged to at least 2 N applied load. A mechanism map was constructed to map the transitions of the two-body-r and two- to three-body schemes shown in Figure 10, where the regions are clearly displayed over the test parameter range. It can be seen during light loads and large ball diameters that the acting wear mechanism is a two- to three-body regime, over which the wear volume increases with increasing load. As the ball diameter is decreased, it can be clearly seen there is a transition to two-body-r, suggesting the load per particle is probably higher, and therefore two-body abrasion occurs sooner at the light loads. The severity of contact, Sc, does not appear to increase with load, as Figure 9 suggests, and this may be due to the presence of the protein, which will be discussed later. Interestingly, at the 28-mm ball diameter, a two- to three-body regime occurs at a load of 2 N, but remains as two-body-r at both a lower and an increased load. Similarly, at the same ball diameter, both an increase and a reduction in ball size transition occurs from a two- to three-body to a two-body-r regime. This region corresponds to a higher final contact pressure, as shown in Figure 8 for the 28-mm ball at 2 N; however, there is no clear explanation for this sudden transition.



A wastage map may also be constructed, corresponding to the mechanism map, and identifying regions of material wastage. The wastage regions are shown as a function of increasing applied load; as shown in Figure 11, the boundaries of wastage, Kac (material loss due to abrasion and corrosion) follow those devised by Stack et al. [45] and given by:


    K  a c   ≤ 0.015 m g    (  l o w   w a s t a g e  )    










   0.015 <  K  a c   ≤ 0.150 m g    (  m e d i u m   w a s t a g e  )    










    K  a c   > 0.150 m g    (  h i g h   w a s t a g e  )    











The wastage map shown (Figure 10) displays regions of low, medium or high wastage for each experimental data point and predictions for the surrounding areas. It can be seen from the wastage map that regions of low and medium wastage are displayed, and thus that high levels of wastage did not occur, which should be expected in a ceramic-on-metal coupling. There appears to be constant medium wear for the 32-mm radius ball across all loads and at 5 N across all ball sizes. For other data points, there appears to be no obvious trend based on our initial observations. The low wastage regions broadly correlate well with regions of two-body-r abrasion and, similarly, regions of medium wastage correlate with a two- to three-body regime, though not entirely. In combination, regions of ideal micro-abrasion, or optimal conditions may be identified. While two-body-r abrasion generates initial wear loss and the formation of ridges, particles are able to become entrapped within the ridges and therefore wear volume may not necessarily increase with applied load. The low wastage regions and indication of two-body-r by mapping, and the overall low wear factor and wear volumes exhibited by the 28-mm ball, suggest that there is scope to determine an optimal ball size, or femoral head diameter, for the conditions tested. Of course, due to the limited parameter range investigated in the present work, further studies must be done to map a wider range of conditions in determining the ideal ball size for patient specific and clinical factors. In this study, with the larger ball sizes, 32 and 35 mm, mixed-mode abrasion tends to dominate over the range of loads, reflected also in the high wear factors and wear volumes observed.




4.4. Effect of Applied Load and Ball Diameter


The equivalent Archard equation Equation (2) predicts that the abrasive wear volume should be directly proportional to the applied load, i.e., increasing wear volume with increasing load. The data presented in Figure 4 suggest that wear volume, for the test conditions in this study, do not necessarily exhibit a linear trend in all cases. This has also been found to be the case in other studies investigating micro-scale abrasion [35,45,48]. Trezona et al. [44] have previously shown that for two-body grooving wear with slurries of very low abrasive volume fractions, below 0.003, the wear volume is almost independent of the normal load. This is explained by the total embedding of the abrasive particles when there are very few of them in the contact. It is likely that a similar mechanism occurred during the present work for an abrasive volume fraction of 0.0078, where it can be seen that, in both micro-abrasion mechanisms and wastage maps (Figure 10 and Figure 11), there was a non-linear relationship between wear and applied load. Trezona et al. also found, for three-body rolling abrasion, that the abrasive volume fraction does appear to be proportional to the load. In this work, SEM analysis displayed no indication of entirely three-body abrasion over the tested parameter range, and thus could explain the non-linearity of wear volumes with the applied load, which would only be expected under three-body conditions. In terms of the equivalent Archard equation (Equation (2)), the wear volumes did not necessarily increase with increasing load. When determining the transitions between two-body and three-body abrasion, Trezona et al. found that with increasing load, particles may become embedded more deeply within the bearing surface, where the corresponding wear volume is not as great. It has been proposed that the particles embed so deeply that they no longer behave as wear particles, but this generally occurs at low abrasive volume fractions. It is very interesting, then, to find similar evidence of deep particle embedment in the present work, as shown in Figure 12. Parallel grooving or ridge formation is clearly visible, and circled in red is a particle embedded deeply in a large gouged ridge. This explains the non-linearity of the wear volume with the increasing load, as suggested by Trezona et al.; as the load increases, the particle no longer acts to abrade the surface, but becomes more deeply embedded. In the regions of two-body-r (Figure 10) it is not unreasonable, then, to suggest that the particles behave in this way at the abrasive volume fraction employed, and therefore that wear volume does not linearly increase with an increasing load. As the mechanism transitions to a two- to three-body regime, where wear volume does increase with load, the third-body abrasive particles are not embedded into the material surface, but roll between the bearing contacts, though not completely, as no evidence of an entirely three-body abrasion was found upon inspection of the wear scar topographies. Where a mixed-mode abrasion occurred, it is likely, then, that the particles become embedded only towards the centre of the ball and sample contact, as evidenced by SEM micrographs Figure 3. For each applied load, each ball size contributes differently to the overall wear. The 28-mm ball appears to consistently produce the least wear, except at the 5 N load, where all sizes display similar wear volumes and wear factors. This may be explained by the smaller Hertzian contact area for the 28-mm ball size, therefore reducing the area over which wear can occur and abrasive particles can become entrained. Similarly, this would also increase the contact pressure and stresses (Figure 8) and lower the severity of contact, Sc. Two-body-r wear is displayed for this ball size at loads of 1 and 3 N, and this is where wear tends to decrease, as mentioned, potentially as a result of ridges inhibiting the particles’ ability to abrade the specimen surface. As can be seen in Figure 12, there is good evidence of wide ridge formation, which could allow for particle entrainment without abrading either surface.



It is interesting to see that the 35-mm ball displayed significantly less wear than the 32-mm ball over the range of applied loads, which could be explained by the improved lubrication of the contact area and the reduced contact stresses (Figure 8). The wear mechanisms also show that, for this ball size, the specimen undergoes predominantly two- to three-body wear in the form of abrasion, with two-body-r being predicted only at a load of 3N. At this load, the wear appears to decrease. It is worth noting that, with a larger ball diameter, the ball rotates at a higher velocity, which has been known to increase the lubricant viscosity and lower the pure abrasive wear [9]. Higher speeds at the contact could also result in an increased temperature, or frictional heating, resulting in the formation and removal of oxides on the surface [45]. The presence of protein may enhance the lubrication, due to faster protein precipitation and the formation of adherent layers acting as a film or rolling elements, which will be discussed next.




4.5. Presence of Protein


In this study, a 10 vol. % FCS in 0.9 wt. % NaCl solution was used for the micro-abrasion test slurry. In a previous study investigating the micro-abrasion–corrosion of CoCrMo under similar conditions but coupled with a polymer ball, energy dispersive X-ray analysis showed that the wear scar surfaces contained proteinaceous organic material [35], confirmed qualitatively by the energy dispersive spectrum high carbon and nitrogen peaks. In metal-on-metal hip implant studies, the presence of protein was shown to form a biofilm, or tribofilm, on the bearing surfaces, composed of inorganic graphitic carbon [7,49,50]. It has been shown by Wimmer et al. [49] that the tribofilms formed on metal hip-bearing surfaces originate from protein-containing fluid. In their implant retrieval studies, Wimmer et al. found that the tribolayers formed on CoCrMo surfaces are nanocrystalline in structure, incorporating organic material and linked to synovial fluid from patients. The tribolayers are formed by a mechanism termed ‘mechanical mixing’ with a thickness of up to 200 nm, in which the metal surface and organic material form a composite mixed layer, thus hindering direct metal contact and preventing adhesion in metal-on-metal implants. In other retrieval and hip simulation studies, Yan et al. [51,52] also found the presence of a tribofilm up to 80-nm thick. While details of their formation are still not fully understood, there is good evidence that tribofilms contain a mix of organic species (proteins) and metals, termed organometallics, and could improve wear rates due to their enhanced lubrication [11,49,50]. It is evident from the many studies of metal hip wear that the proteins in the fluid play a critical role in the lubrication [7], but not necessarily due to the protein themselves, but rather to a graphitic carbon material which may act as a solid lubricant [49].



Sun et al. investigated the micro-abrasion of CoCrMo in protein-containing slurry solutions coupled with a 25.4-mm ceramic ball [48,53]. In these studies, it was shown that the presence of protein enhances wear loss at high abrasive volume fractions (0.238) due to the enhanced particle entrainment, whereas, at low abrasive volume fractions (0.006), the protein reduced the wear loss. It is thought that the improved wear loss at lower abrasive fractions is due to the protein acting as a boundary lubricant, or rolling elements which reduced the abrasiveness of the abrasive particles. Wear rates and wear mechanisms for CoCrMo depend on the nature of the third body abrasives, the entrainment of abrasives into the contact, and the presence of proteins. Interestingly, in the present study, SEM micrographs Figure 3d were found to contain conglomerates of material embedded on the wear scar surface, similar to the findings of Sun et al., which have previously been found to contain high peaks of carbon and nitrogen in energy dispersive X-ray analysis [35]. In this study, an abrasive volume fraction of 0.0078 was employed, and the resulting wear scar morphologies are in good agreement with the findings of Sun et al., at similar volume fractions. SEM analysis, in this study of resulting wear scars, generally displayed a parallel grooving topography at low loads and at 25 mm ball diameters, likely as result of two-body abrasion [27], though mixed-mode abrasion was also observed at various loads and ball diameters.



The micro-abrasion mechanism map (Figure 10) clearly displays the two-body-r regions, defined as two-body wear, dominated by ridge formation and wear decreases with an increasing load. It has been shown by Stack et al. [45] that, in the regions of two-body-r, particles become entrained in the formed ridges and, at higher loads, protective layers of oxide are formed on the material surface as a result of frictional heating. In this study, it is not unreasonable to believe that there are certain interactions between the abrasive particles, wear debris, the presence of proteins and the formation of ridges. The severity of contact, Sc, in the present study, as shown in Figure 9, exceeds the transition threshold, S*, indicating an expected two-body abrasion over the parameter range and the volume fraction employed, as determined by Adachi and Hutchings [1]. However, it is clear from the wear scar results in this study that this was not always the case, particularly at light loading, where mixed-mode abrasion was found to occur. The presence of protein is the main important difference between the wear mode mapping developed by Adachi and Hutchings, and the difference in expected wear mode behaviour in this study. It therefore appears, very clearly, that the severity of contact is significantly reduced by the presence of protein, and the theoretical results shown in Figure 9 are, in reality, likely to be found closer to the threshold boundary, S*. The conglomerates of protein, as suggested by Sun et al., may act as boundary lubricants or rolling elements during the micro-abrasion process, which, in this study, would correspond to the regions of two-body-r. The micro-abrasion mechanisms and wastage maps clearly identify the optimal regions for two-body-r to occur, where ridge formation is found to occur and the wear rate is reduced with increasing loads.





5. Conclusions


The micro-abrasion wear mechanisms for CoCrMo against alumina balls of variable sizes, representing typical artificial femoral head sizes, over a range of applied loads, have been investigated in this study. From the experimental results obtained, the following conclusions can be drawn:




	(i)

	
Contrary to the Archard or Rabinowicz equation, wear volumes may not necessarily occur linearly with an increasing load and sliding distance. Micro-abrasion involves additional factors, indicating a need to develop more accurate models for wear prediction.




	(ii)

	
Micro-abrasion wear maps have been constructed as a function of ball diameter and applied load. The micro-abrasion mechanism map indicates significant differences between regions of three-body (mixed) and two-body abrasion regimes for CoCrMo. Similarly, the wastage map indicates significant regions of low and medium mass loss wastage.




	(iii)

	
Generally, two- to three-body abrasion dominates. The morphological features of the wear scars often consist of mixed-mode abrasion during light loads, which appears to dominate at larger ball diameters over the applied load range.




	(iv)

	
At a 28-mm ball diameter, the lowest wastage is generated with an increasing load. Transitions between two- to three-body and two-body-r abrasion occur most often for the 28-mm and 32-mm ball diameters, depending on the applied load.




	(v)

	
The presence of protein may reduce of the severity of contact, Sc, between the abrasive particles and counter-bearing surfaces due to enhanced particle entrainment and increased particle rolling efficiency.









Overall, in this study, a hip replacement metal-on-ceramic couple has been studied under idealised hip contact conditions, and over a limited parameter range. While the corrosion during the micro-abrasion process, i.e., tribo-corrosion, has not been the focus of the current study, it is an important consideration for future work. The performance of hip replacements within a tribological system is multi-parameter and complex by nature. This is further complicated by the addition of patient-specific or clinical factors such as age, body weight, activity levels, joint kinematics and even implant alignments. Even though wear mapping specific to biomedical implants, demonstrated in this study, remain a developing area, longer term work will involve efforts to map over broader multi-parameter ranges geared towards patient-specific and clinical factors. Wear mapping for hip replacement could provide a useful aid in pre-clinical hip wear evaluations and long-term performance.
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Figure 1. Schematic diagram showing the micro-abrasion apparatus. 
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Figure 2. Typical wear scar following micro-abrasion testing on CoCrMo surface. 
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Figure 3. SEM images of representative surface wear scars produced during micro-scale abrasion with a 0.0078 volume fraction (0.025 g mL−1) SiC slurry: (a,b) two-body (grooving) abrasion; (c,d) mixed-mode abrasion. Conglomerates of protein shown circled in white. 
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Figure 4. Variation of CoCrMo wear volumes, V with applied loads after 3000 ball rotations for ball diameters (25, 28, 32, and 35 mm). The error in measurement was ±9% based on the average of three consecutive tests as shown. 
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Figure 5. Variation of CoCrMo mass losses, Κac after 3000 ball rotations for different ball diameters and applied loads. 
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Figure 6. Variation of the wear coefficient (wear factor), κ, for CoCrMo determined by the equivalent Archard wear equation and shown as a function of ball diameter over the range of applied loads. 






Figure 6. Variation of the wear coefficient (wear factor), κ, for CoCrMo determined by the equivalent Archard wear equation and shown as a function of ball diameter over the range of applied loads.



[image: Lubricants 08 00071 g006]







[image: Lubricants 08 00071 g007 550] 





Figure 7. Variation of the initial Hertzian maximum contact pressures, pmax generated between the CoCrMo sample and alumina balls, over the parameter range of applied loads and ball diameters. 
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Figure 8. Variation of the final Hertzian maximum contact pressures, pmax generated between the CoCrMo sample and alumina balls, over the parameter range of applied loads and ball diameters. 
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Figure 9. Severity of contact, S a dimensionless group (W/AvH′) developed by Adachi and Hutchings [1], shown as a function of ball diameters over the range of applied loads. S* indicates the theoretical threshold where it has been suggested a three-body rolling mode transitions to two-body grooving mode. 
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Figure 10. Micro-abrasion mechanism map for CoCrMo alloy (flat) sliding against a rotating alumina (ball) in foetal calf serum (FCS) solution (pH 7.3, temperature 25 °C), displaying the wear mechanisms and transition regions over the testing parameters. 
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Figure 11. Micro-abrasion wastage map for CoCrMo alloy (flat) sliding against a rotating alumina (ball) in FCS solution (pH 7.3, temperature 25 °C), displaying the regions of wear volume severities. 
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Figure 12. SEM micrograph for 28-mm ball and 2 N load displaying a wide groove, several times that of those surrounding it. At the front of the groove, there are signs of compressed material being gouged through the surface. This groove may allow small particles to pass without abrading the surface. 
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Table 1. Chemical composition for the CoCrMo (ASTM F-1537).
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	Element
	Chemical Composition (wt. %)





	Co
	Bal.



	Cr
	27.56



	Mo
	5.70



	Mn
	0.60



	Si
	0.38



	C
	0.03



	Al
	<0.02
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Table 2. Material properties used for the micro-abrasion tests.
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	Material
	Density (kg/m3)
	Hardness (GPa)
	Young’s Modulus (GPa)
	Poisson’s Ratio





	Specimen
	CoCrMo
	8300
	3.83
	248
	0.30



	Ball
	Al2O3
	3950
	16.67
	370
	0.22



	Abrasive particles
	SiC
	3200
	27.46
	410
	0.14
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Table 3. Micro-abrasion experimental parameters.
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	Applied Loads (N)
	0.5, 1, 2, 3, 5



	Abrasive Particles
	SiC particles (mean particle size 3 µm, standard deviation ± 0.5 µm)



	Slurry Concentration (v/v)
	0.0078



	Pump Feed Rate (mL h−1)
	Up to 60



	Speed of Rotation (rpm)
	100



	Ball Diameters (mm)
	25, 28, 32, 35



	Testing Duration (s)
	1800
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Table 4. Summary of results for the micro-abrasion of CoCrMo over a range of applied loads and ball diameters conducted in a protein solution and SiC abrasive particle slurry. The wear volumes, V, specific wear rate (wear factor), κ, and severities of contact S and S/S* are shown.
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Ball Diameter (mm)

	
Applied Load (N)

	
Mass Loss, Κac (µg)

	
Wear Volume, V (mm3)

	
Wear Factor, κ (×10−6 mm3/Nm)

	
Wear Rate (mm3/106 cycles)

	
Severity of Contact, Sc

	
S/S*






	
25

	
0.5

	
22.35

	
0.003

	
22.87

	
0.90

	
0.07

	
4.74




	
1

	
17.01

	
0.002

	
8.70

	
0.68

	
0.15

	
9.41




	
2

	
11.70

	
0.001

	
2.99

	
0.47

	
0.29

	
18.64




	
3

	
13.82

	
0.002

	
2.36

	
0.56

	
0.43

	
27.73




	
5

	
19.81

	
0.002

	
2.03

	
0.80

	
0.71

	
45.57




	
28

	
0.5

	
7.56

	
0.001

	
6.91

	
0.30

	
0.07

	
4.23




	
1

	
1.88

	
0.000

	
0.86

	
0.08

	
0.13

	
8.41




	
2

	
9.86

	
0.001

	
2.25

	
0.40

	
0.26

	
16.66




	
3

	
6.91

	
0.001

	
1.05

	
0.28

	
0.39

	
24.79




	
5

	
18.10

	
0.002

	
1.65

	
0.73

	
0.64

	
40.76




	
32

	
0.5

	
19.80

	
0.002

	
15.82

	
0.80

	
0.06

	
3.70




	
1

	
25.16

	
0.003

	
10.06

	
1.01

	
0.12

	
7.36




	
2

	
16.71

	
0.002

	
3.34

	
0.67

	
0.23

	
14.59




	
3

	
33.38

	
0.004

	
4.45

	
1.34

	
0.34

	
21.72




	
5

	
21.63

	
0.003

	
1.73

	
0.87

	
0.56

	
35.74




	
35

	
0.5

	
6.36

	
0.001

	
4.65

	
0.26

	
0.05

	
3.39




	
1

	
11.10

	
0.001

	
4.06

	
0.45

	
0.11

	
6.73




	
2

	
19.12

	
0.002

	
3.49

	
0.77

	
0.21

	
13.35




	
3

	
7.41

	
0.001

	
0.90

	
0.30

	
0.31

	
19.88




	
5

	
15.69

	
0.002

	
1.15

	
0.63

	
0.51

	
32.72
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