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Abstract 

Following wear testing in a hip simulator, the bearing surfaces of 36 mm metal on 

metal total hip replacements showed the formation of tribochemical layers. These 

layers were investigated in a transmission electron microscope, and analysis was 

performed using electron energy loss spectroscopy, energy dispersive x-rays and 

selected area electron diffraction. The tribofilm formed at the edge of the wear scar 

was 100 s of nanometres thick and contained cobalt sulphide particles embedded 

within. The film itself was rich in carbon, and appeared to contain no long range 

graphitic ordering when analysed with electron energy loss spectroscopy, and the 

spectra gathered from the tribofilm closely resembled those collected from 

amorphous carbon. The location at which the most substantial tribological layers 

formed may be explained by the formation of a blunt wedge at the edge of the wear 

scar following conformal changes to the bearing surfaces. 
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1. Introduction 

Total joint replacement is the most successful treatment for end stage arthritis, and 

was used to restore functionality to over 85,000 people in the UK over 2011/12 [1]. 

One of the main challenges facing both engineers and surgeons in this field is to 

design and implant a joint replacement that can last the extent of a patient’s life 
without need for revision. In 2011/12, approximately 10,000 hip replacements 

performed in the UK were revision surgeries, a figure that has been steadily rising 

since 2003. 

One of the major factors leading to revision surgery is the biological response to the 

wear and corrosion debris produced by a joint replacement over its operational 

lifetime. A major source of this debris arises from the articulating bearing surfaces. 

Traditionally, metal-on-polymer [MoP] bearings have been the most popular material 

selection, however, due to their propensity to produce a large volume of bio-reactive 

polymeric wear particles, other material combinations have gained notoriety. One 

such combination is the metal-on-metal [MoM] bearing, usually consisting of cobalt-

chromium [CoCr] alloys. MoM bearings produce a considerably lower volume of 

debris than MoP bearings, giving them the potential to outlast the 15 year lifetime 

usually experienced by MoP designs [2,3]. 



Despite enjoying a superior wear performance over MoP designs, it has come to 

light that MoM bearings suffer from a unique set of shortcomings. The particles 

produced by MoM bearings are of the order of tens of nanometres in size, which 

results in the formation of a considerable number of particles from a comparatively 

small loss in total volume [4-7]. The particles have been found to disseminate around 

the body, and have been linked to adverse soft tissue reactions in patients [8]. In 

addition, it has been found that CoCr alloys are susceptible to in vivo corrosion, 

leading to the production of cytotoxic metal ions, particularly Co2+ and Cr3+ [9-11]. 

Amidst these concerns, a large number of MoM implants function extremely well. 

Findings by Wimmer et al [12,13], suggest that this may be explained, in part, by the 

ability of MoM joint surfaces to form protective organometallic films on their surfaces. 

These films are termed tribochemical reaction layers [sometimes referred to as 

tribolayers or tribofilms]. Tribolayers were identified on a large number of explanted 

prostheses, as well as surfaces worn artificially in hip simulators. It has been shown 

that these layers are rich in organic carbon, originating from the joint fluid, in addition 

to metal oxides and a number of organic elements and salts. It was further 

demonstrated that the formation of these layers was the result of chemical changes 

being driven through the actions of mechanical mixing between the surface and 

upper subsurface. 

Other authors have also reported the formation of organometallic layers forming 

during the wear and corrosion of CoCr alloys [14,15]. 

Recent findings suggest that graphitisation can take place within the carbon rich 

tribochemical reaction layers found on MoM bearing surfaces [16]. Electron energy 

loss spectroscopy of the carbon K- ionisation edge, and Raman spectroscopy were 

performed on samples of the reaction layer. Both suggested that the level of sp2 

bonding within the carbon was around 80%. In addition, high-resolution electron 

transmission microscopy [HRTEM] showed that the layer contained short range 

ordering with an electron diffraction fringe spacing of ~0.34 nm. Despite these fi

ndings, the mechanism by which graphitisation could occur under the modest 

pressures and temperatures experienced during the normal function of MoM hip 

replacements is still uncertain. 

In this study, a detailed investigation of the structure and chemical properties of 

tribolayers formed during simulator testing is undertaken. As well as discussion of 

the mechanisms, which may contribute to their formation. Particular attention is given 

to the morphology and composition of particles embedded within the layer, to give a 

more complete understanding of the degradation of MoM joint replacements. 

2. Methodology  

Two 36 mm wrought, high-carbon, metal-on-metal hip bearings were tested in a 

single station Prosim ‘deep flexion’ hip simulator, with cups angled at a 45° 

inclination. Tests were run for 2/3 million cycles to approximate 8 months of in vivo 

activity. The gait cycle imposed was based on a Paul-type cycle with a peak load of 



3 kN and a swing phase load of 50 N. Tests were lubricated with 25% v/v bovine 

serum solution, supplemented with 0.03% sodium azide to retard bacterial growth. 

At 1/3 million cycles the test was stopped and the serum replaced, at which point the 

bearing surfaces were rinsed with distilled water and reassembled. Following 2/3 

million cycles of testing, samples were rinsed with distilled water and placed in a 

desiccator. 

Focused ion beam [FIB] transmission electron microscope [TEM] sections were 

prepared from the femoral heads using an FEI Nova 200 Nanolab dual beam 

scanning electron microscope [SEM]/FIB, fitted with a Kleindiek micromanipulator. 

The ion column was operated at 30 kV and 5 kV and at beam currents between 5 nA 

and 0.05 nA, and the electron column at 5 kV and 29 pA. The surface was initially 

covered in a 40 nm gold spluttered coating. The site of interest was then protected 

with a 200 nm electron deposited platinum layer, and then a 1-micron thick platinum 

layer deposited using the gallium ion beam. Surrounding material was then removed 

using the ion beam, and a section from the site of interest was removed using the 

micromanipulator and attached to a TEM support grid. The section was then thinned 

to <100 nm. TEM imaging, selected area electron diffraction [SAED] and energy 

dispersive X-ray [EDX] mapping was carried out using a FEI Tecnai F20 FEGTEM 

operated at 200 keV and fitted with a Gatan SC600 CCD camera and a high angle 

annular dark field [HAADF] scanning [S]TEM detector. Electron energy loss 

spectroscopy [EELS] analysis was carried out using a Philips CM200 FEGTEM 

operated at 197 keV and fitted with a Gatan GIF 200 imaging filter. All image, 

diffraction pattern processing and EELS spectrum processing was performed using 

Gatan Digital Micrograph software. Sections were prepared from areas on the 

femoral head displaying the most substantial tribolayer formation. These were 

identified as dark black regions located at the edge of the wear scars [see Fig. 1a]. 

Upon rinsing the samples, it was discovered that a substantial amount of white 

precipitate resided in the bearing interface. This was removed by rinsing and was 

stored in a desiccator for 24 h, by which time it had formed a brittle black flake. This 

was placed in distilled water, ground into a powder and pipetted onto a TEM holey 

support film on a Cu grid to enable microscopic inspection and chemical analysis. 

To determine the composition of the tribolayer, EDX mapping was undertaken in the 

TEM at multiple locations. All EDX spectra and maps were processed using Aztec 

2.0 and INCA 4.15 software. In addition, EELS was used to establish the degree of 

graphitisation within carbon rich regions of the tribolayer. Spectra were collected in 

diffraction mode with a collection semi-angle of approximately 1.7 mrads [to satisfy 

“magic angle” conditions] and a convergence angle of approximately 1 mrad [17]. 

3. Results 

3.1. Transmission electron microscopy [TEM]  

TEM images show that the tribolayer thickness varied across the sample, depending 

on the topography of the underlying surface. In regions where the surface was level 



there was little variation in tribolayer thickness; however, in regions where the 

surface was rough the layer appeared to fill in the crevices [see Fig. 1b]. The range 

of thickness of the tribolayer observed was 200 nm-740 nm. 

 
Fig. 1. a. Illustration of femoral head, showing tribolayer and wear scar. b. HAADF STEM image of 

bearing surface and tribolayer. c. Bright field TEM image of particles located at the surface/tribolayer 
interface. d. Bright field TEM image of agglomerated particles in tribolayer. e. Bright field TEM image 

of particles suspended in the tribolayer. f. Bright field TEM image of dehydrated protein precipitate 
containing agglomerated particles. 

 

The tribolayer in each case was found to contain embedded particles, these were 

either: located at the surface/layer boundary [see Fig. 1c], agglomerated within the 

layer [see Fig. 1d] or independently suspended within it [see Fig. 1e]. Particles were 

typically smooth and oval shaped, however, some larger more jagged particles were 

identified at the surface/layer interface. The average length of oval particles was 24.2 

nm with a range of 8.3 nm- 75.7 nm, whilst the average breadth was 14.9 nm with a 

range of 3.6 nm-34.4 nm, giving an average aspect ratio of 1.7. These results were 

obtained from the measurement of 130 particles, identified from bright field TEM 

images taken of the tribolayer. 

TEM images of the protein precipitate, collected from the bearing interface, revealed 

that it also contained particle agglomerates. Agglomerates were observed to exceed 



100 nm in length and breadth [see Fig. 1f]. The agglomeration of particles in these 

instances could be an artefact of the sample preparation. Dehydrating the precipitate 

and grinding it into a powder may cause agglomeration of particles contained within 

it.  

3.2. Energy dispersive X-ray spectroscopy [EDX]  

EDX mapping of the tribolayer revealed that it consisted of: carbon, calcium, cobalt, 

chromium, sulphur and oxygen. The particles embedded within the layer were 

comprised of cobalt and sulphur as shown in Fig. 2a and b; this was true for each of 

the three types of particle described earlier. When employing EDX analysis there is 

overlap of the 2.29 keV spectral peak of molybdenum and the 2.31 keV spectral 

peak of sulphur. Observation of the EDX spectrum from the tribofilm showed the 

17.45 eV spectral peak associated with molybdenum was not present. This 

confirmed that particles were indeed rich in sulphur, not molybdenum. 

It is possible to calculate standardless semi-quantification values from EDX spectra 

and maps. When this was applied to the particle agglomerates, it was found that 

their average elemental atomic composition was 59% cobalt and 41% sulphur. 

Particles at the surface/tribolayer interface [Fig. 1c] had an almost identical 

composition of 58% cobalt and 42% sulphur despite having a very different 

morphology. In regions of the tribolayer where particles were not observed, the 

average elemental composition by mass was: 63% oxygen, 10% chromium, 14% 

carbon, 6% cobalt, 5% phosphorus and 3% calcium. Compositions were calculated 

from an average of 5 spectra collected at different locations. The probe size used 

was approximately 50 nm. 



 

Fig. 2. a. HAADF STEM image and corresponding EDX map of particles suspended in tribolayer. b. 

TEM image and corresponding EDX map of particles agglomerated in tribolayer. 

 

EDX spectra were taken from the base alloy at depths between 50 and 500 nm 

beneath the tribolayer. It was found that at all depths the composition of the alloy 

was within the specified composition given by ASTM standard F1537-08. This 

indicated that, a measurable amount of, preferential leaching of alloying elements 

had not taken place. 

Spot EDX was also performed on the dehydrated protein precipitate. This revealed 

that it was predominantly comprised of carbon, oxygen and nitrogen. The 



agglomerated particles within it contained chromium sulphur and cobalt in a ratio of 

3.7; 1.4; 1 respectively. 

3.3. Electron energy loss spectroscopy [EELS]  

Core loss EELS spectra were obtained of the carbon K-edge from within the 

tribolayer. Fig. 3a shows a spectrum collected from within the tribolayer, alongside 

spectra obtained from amorphous carbon and highly ordered pyrolytic graphite 

[HOPG]. The spectrum obtained from the tribolayer has an appearance similar to 

that of amorphous carbon. It contains a sharp π* peak close to 285 eV followed by a 

broad σ* peak. Whereas, for HOPG the π* peak was sharper and the σ* peak and 

contained more features. 

It is well known that electron beam damage can affect the sp2/ sp3 bonding ratio 

within carbon species [16,18-20]. To ensure that this was not taking place, a damage 

series was performed on a separate sample of the tribofilm. EELS spectra were 

taken at a point within the tribolayer periodically following exposure to the electron 

beam for 0,1,2,3,4,5 and 10 min; hence, the effect of electron fluence on EELS 

measurements was observed. The normalised periodic spectra obtained from the 

damage series are given in Fig. 3b. This shows that no discernable change in the 

EELS spectra was observed up to a total electron fluence of 1950 e/nm2 [t = 600 s]. 

Single spectra taken from different areas of the tribolayer were taken at lower total 

electron fluence, hence they were assumed to be free from significant beam 

damage. 

Discussion 

4.1. Effect of wear on contact mechanics  

The location of the tribolayer as shown in Fig. 1a may be explained by the change in 

geometry of the head/cup interface following conformal changes brought about by 

wear. As the head and cup wear together the surfaces become more conformal 

within the wear scar. This is caused by a local increase in radius on the femoral head 

and a decrease in radius on the acetabular cup. This produces a very slight wedge 

on the border of the unworn surface and the wear scar. 

The angle alpha is close to 90° since the change in radii is small relative to the initial 

radii, however, it is not negligible and increases as a function of the half-width of the 

wear scar. As wear progresses the radii tend to converge to a value midway 

between the two, and the effect of wear scar half width on wedge angle a can be 

calculated. 

The pressure distribution exerted by a blunt wedge as shown in Fig. 4a is 

represented by Equation (1) when α is close to 90° [21]. 
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From Equation (1) and Fig. 4a, it can be seen then that under dry conditions the 

pressure rises to ∞ at x = 0. By modelling the edge of the wear scar as a blunt 

wedge it can be demonstrated that close to the edge of the wear scar there exists an 

area of increased pressure. 

It is this predicted region of high pressure, which is where the thickest tribolayer 

formations occur. The scraping action of the blunt wedge, or the increased contact 

pressure it causes may contribute to the formation of the tribofilm at its location. As 

the wear scar increases in diameter the wedge becomes more defined and the 

contact pressure increases further.  

4.2. Particle composition  

Particles suspended within the tribolayer were on average just 24 nm in length and 

15 nm in width, which are smaller than typical particle sizes produced in MoM 

bearings, during simulator testing [4-7]. In addition, the oval particles in the tribolayer 

appeared smoother than the oval particles previously imaged by Catelas et al. [4] or 

Bowsher et al. [7]. The environment within the tribolayer could be responsible for this 

difference. They may be smoothed due to repeated impacts with one another caused 

by high shear rates across the layer. This is a similar mechanism to the saltation 

process that leads to the size reduction and smoothing of suspended pebbles in 

rivers [22,23].  

 

Fig. 3. a. Electron energy loss spectra, taken from the tribolayer compared to HOPG and amorphous 

carbon. b. EELS spectra taken after increasing electron fluence. 



Particles that were observed close to the interface between the alloy surface and the 

tribolayer [Fig. 1c], appeared more jagged and larger than those suspended within 

the layer. These could be newly formed particles that had not yet been dispersed 

throughout the layer, and had not reduced in size through abrasion induced 

smoothing. This mechanism is partly supported by the presence of particle 

agglomerations. Agglomerations show that particles do translate within the layer and 

come into physical contact with one another. 

EDX revealed that particles were comprised purely of cobalt [58-59% - atomic] and 

sulphur [41-42% - atomic]. No known sulphides of cobalt have a concentration of 

cobalt this great. This indicates that particles must also contain an amount of pure 

cobalt. 



 

Fig. 4. a. Contact of a blunt wedge (21). b. Electron diffraction taken from agglomerated particles, 

indexed against cobalt sulphide (Co3S4). c. Fit used to estimate sp2 bonding ratio in tribofilm. d. 

Electron diffraction pattern from tribolayer containing no embedded particles. e. EELS spectra of 

desiccated protein precipitate. f. TEM image of tribofilm. 

Since the percentage composition of particles was irrespective of particle size, it is 

unfeasible that particles contain a cobalt core surrounded by a cobalt sulphide layer. 

Instead, it appears as if particles consist of a mixture of cobalt and cobalt sulphide. 

Electron diffraction patterns taken from the agglomerated particle were indexed 



against cobalt sulphide [Co3S4] as shown in Fig. 4b. The composition of these 

particles differs from those typically found from both in vivo and in vitro studies, 

which seldom report cobalt in isolation from chromium due to its preferential 

dissolution from CoCr alloys. 

The absence of chromium within the embedded particles may explain the high level 

of chromium within the tribolayer. In the base alloy, the ratio of cobalt to chromium 

was between 2.8 to 1 and 2 to 1, whereas the average ratio detected in the tribolayer 

was 1-1.4. Measurements of the composition of the base alloy just below the 

tribolayer indicated that no preferential leaching of alloying elements had taken 

place. This suggests that particulate debris was the primary source of cobalt and 

chromium within the tribofilm. 

Furthermore, it appears that the concentration of cobalt within the embedded 

particles reduced the amount of freely available cobalt to distribute about the film, 

explaining the high ratio of chromium to cobalt within it. EDX indicated that 

preferential leaching of alloying elements did not take place in the bulk alloy beneath 

the tribolayer. This indicates that the presence of cobalt and chromium within the 

layer originates from both particles and oxidation of the topmost surface. The exact 

mechanism by which cobalt and chromium are separated from one another to leave 

cobalt rich particles embedded within a chromium rich tribolayer is still unclear. 

4.3. Tribolayer 

EDX confirmed that the tribolayer was organometallic in nature, and rich in carbon, 

which is consistent with previous findings [12]. 

From Fig. 1b it can be seen that the tribolayer exists as a smooth layer across the 

roughened metal surface. Its appearance demonstrated that it was smoothed over 

surface asperities, which is consistent with the theories that suggest that it may 

operate as a solid lubricant [12,13,16]. EELS C K-edge spectra taken from the 

tribolayer contained a prominent π* pre-edge peak, similar to that measured in 

previous studies [16]. However, the C K-edge spectra obtained more closely 

resembled that of amorphous carbon [16] rather than that of crystalline graphite. 

Using the Gaussian fitting procedure presented by Zhang et al. [16,20] the fraction of 

planar sp2 bonded carbon atoms [the [planar sp2 bonded carbon]/[total carbon] ratio 

and hence the degree of graphitisation] was determined to be of the order of ≈65%. 

For comparison, the same technique was performed on an area of amorphous 

carbon TEM support film, which gave an sp2 bonded carbon fraction of ≈73%. 

This was a considerably lower value than that determined by Liao et al. [16] and this 

discrepancy may perhaps be attributed to the different fitting procedure used to 

determine the sp2 bonded carbon fraction. 

It is noticeable that the measured p- peak at the EELS C K-edge of the tribofilm was 

both asymmetric and also broad [relative to that observed in amorphous carbon or 

graphite]. It was concluded that this π- peak was in fact made up of two distinct 

peaks [see Fig. 4c]. It is suggested that the lower energy loss peak [at ca. 285 eV] 



may be associated with non-planar sp2 bonded carbon and possibly also carbon 

[singly] bonded heteroatoms such as hydrogen, nitrogen and/or oxygen. This 

postulate is supported by both the amorphous appearance of the region at high 

magnification [i.e. there is substantial curvature in the carbon-carbon bonds] as well 

as the high percentage of oxygen found to be present in the film [63%] as 

determined by TEM-EDX analysis. In addition, there may be the presence of 

hydrogen [and hence C-H bonding], which is extremely difficult to detect. Note if we 

assume that the p- peak at the EELS C K-edge of the tribofilm is composed of just a 

single peak caused by planer sp2 bonded carbon, the values for the degree of 

graphitisation calculated are much higher and may even exceed 100%. It is believed 

this finding provides support for our interpretation of the π- peak as being comprised 

of two separate peaks. 

In addition, electron diffraction patterns were obtained from regions of the layer 

deficient in particles, shown in Fig. 4d. 

Diffraction patterns taken from the tribofilm appear similar to those reported by 

Wimmer et al. [16], however, the dominant spacing differs; d was measured to be 

approximately 0.25 nm as opposed to 0.34 nm. When TEM images were taken of the 

tribofilm, no evidence of ranged ordering was observed [Fig. 4f]. Suggesting that 

graphitisation had not taken place within the tribofilm.  

4.4. Protein precipitate  

Initially, the protein precipitate appeared milky in colour, but upon desiccating for 24 

h it became black and solidified. EDX confirmed that the solid precipitate was rich in 

carbon and contained metallic particles. EELS spectra of the carbon k-edge of the 

layer indicated that it also displayed a prominent π* pre-edge peak [Fig. 4e] and ca 

74% planar sp2 bonding. 

It is clear that there are a number of similarities between the precipitated protein and 

the tribolayer. The comparable amount of sp2 bonding, and sulphur containing 

metallic particles may indicate that the precipitation of proteins from the solution is a 

precursor to tribolayer formation. The tribofilm itself contained cobalt and chromium, 

whereas the precipitate only demonstrated cobalt and chromium within the 

entrapped particles. Particles may react with sulphur whilst trapped within 

precipitated proteins, but were only observed to lose their chromium content within 

the tribofilm. 

Conclusions 

The tribolayer that forms on the surface of MoM hip replacements under simulated 

gait was investigated using a TEM. It was revealed that the film was organometallic 

in nature and contained a number of embedded particles. Particles embedded within 

the film had a smaller and smoother morphology than those typically ejected from 

the bearing surface comprising entirely cobalt and sulphur. The film itself contained a 

large amount of carbon, although no evidence of graphitisation was seen from EELS 

or otherwise. Further understanding of the processes that lead to the formation of 



tribolayers in MoM hip replacements may help to drive future material choices that 

can maximise their role as a solid lubricant within bearing surface. 
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