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Abstract 

Metal-on-polyethylene (MoP) articulations are one of the most reliable implanted hip 

prostheses. Unfortunately, long-term failure remains an obstacle to the service life. 

There is a lack of higher resolution research investigating the metallic surface 

component of MoP hip implants. This study investigates the surface and subsurface 

features of metallic cobalt chromium molybdenum alloy (CoCrMo) femoral head 

components from failed MoP retrievals. Unused prostheses were used for comparison 

to differentiate between wear-induced defects and imperfections incurred during implant 

manufacturing. The predominant scratch morphology observed on the non-implanted 

references was shallow and linear, whereas the scratches on the retrievals consisted of 

largely nonlinear, irregular scratches of varying depth (up to 150 nm in retrievals and up 

to 60 nm in reference samples). Characteristic hard phases were observed on the 

surface and subsurface material of the cast samples. Across all samples, a 100 to 400 

nm thick nanocrystalline layer was visible in the immediate subsurface microstructure. 

Although observation of the nanocrystalline layer has been reported in metal-on-metal 

(MoM) articulations, its presence in MoP retrievals and unimplanted prostheses has not 

been extensively examined. The results suggest that manufacturing-induced surface 

and subsurface microstructural features are present in MoP hip prostheses prior to 

implantation and naturally, these imperfections may influence the in vivo wear 

processes after implantation.   

Key terms: hip implant retrievals, cobalt chromium, metal-on-polymer, transmission 
electron microscopy, biotribology, electron microscopy  
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1. Introduction 

Despite the high success rates during early years of implantation of bearing 

couples in use today, implant failure after 10 to 15 years imposes a limit on the 

effectiveness of total hip arthroplasty (THA) 1,2. Thorough understanding of the wear 

processes that occur at the interface of hip prostheses requires the correlation between 

surface wear and subsurface microstructural changes. Previous studies have reported 

that the predominant wear mechanisms observed for metal-on-metal (MoM) prostheses 

include abrasion 3,4, surface fatigue and tribochemical reactions 5,6. Other researchers 

have investigated the presence of a tribological layer thought to serve as a lubricating 

barrier to prevent direct contact in areas of the self-mating system, and thus minimize 

the effects of adhesive wear 3. However, the mechanism of formation and the 

composition of this layer is still under debate. Since the primary source of carbon in the 

formation of a carbon-rich layer on the surface of MoM articulations in hip simulator 

studies originates from the bovine serum lubricant, researchers suggest that the layer is 

organic and protein-derived 6.  If the tribological layer acts as a lubricant, it may hinder 

the progression of wear and corrosion and in turn, reduce wear rates. However, low 

volumetric wear is not necessarily correlated with long-term performance. The 

morphology, composition, and biological impact of the generated wear debris can play a 

greater role in contributing to the failure of the prosthesis. Therefore, in vivo biochemical 

interactions producing wear debris may introduce adverse physiological complications 7–

9. Overall, while the characterization of the surface and subsurface features on the 

metallic component has been explored in MoM hip prostheses 10–14, it has been lacking 

in the literature for the metallic surface of metal-on-polyethylene (MoP) hip retrievals, 

which comprise the most widely implanted bearing combination, internationally 15–17. 
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In difference to the self-mating metallic articulation seen in MoM prostheses, 

MoP prostheses commonly consist of an ultra-high molecular weight polyethylene 

(UHMWPE) or highly cross-linked UHMWPE (HXLPE) acetabular cup coupled to a 

cobalt chromium molybdenum alloy (CoCrMo) femoral head. The knowledge acquired 

from MoM research can serve as a foundation for understanding some of the 

mechanisms that may drive the failure of MoP hip prostheses. However, since both 

systems operate under distinct tribological regimes 9,18, the results from investigations of 

MoM interfaces cannot be directly extrapolated to MoP articulations. More recently, 

much of the research on MoP prostheses has been focused on the modification of the 

polymer counterpart to reduce the release of polyethylene wear debris. However, the 

interaction at the articulating surface of MoP prostheses may be insightful to resolving 

the mechanism of implant failure. Polyethylene debris from the polymer acetabular cup 

and metallic debris generated from the modular surfaces are the most commonly 

reported sources for the accumulation of wear debris (the main culprit for debris-

induced osteolysis) in MoP implants 19,20. Although in a well-functioning MoP implant, 

wear particles mainly originate from the polymeric articulating component, metallic 

particles originating from e.g. modular components (as in many MoM implants) can 

migrate into the articulating space and act as a source of third-body abrasive wear – 

promoting wear on the metallic articulating surface 21,22. Embedded metal particles in 

the polyethylene have also been clinically reported in retrievals 23 and can lead to 

abrasion onto the complimentary metallic surface 24,25. In extreme conditions of 

malfunction or dislocation, the femoral head has been noted to generate debris against 

the shell of the acetabular cup 24.  Consequently, the corrosion and wear resistance of 
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the surface of the metallic femoral head can be influenced by the effects of third-body 

wear and in turn exacerbate the wear of the polyethylene component as demonstrated 

in simulated studies 26,27. Therefore, investigations regarding the wear features of the 

metallic surface should not be overlooked 28,29. This study aims to examine the surface 

wear, tribological layer, and the subsurface microstructure of the metallic femoral head 

component in MoP THA prostheses retrieved from humans after 2 to 15 years and 

compare the results with previous studies on MoM articulations. In this study, advanced 

microscopy techniques including vertical scanning interferometry, scanning electron 

microscopy, energy dispersive spectroscopy, auger electron spectroscopy, focused ion 

beam, and transmission electron microscopy were used to characterize features from 

the metallic component of MoP prostheses.      

2. Materials and Methods   

2.1 Samples and Sample Preparation  

Three MoP hip femoral heads were retrieved from patients at Uppsala University 

Hospital, Sweden in 2010. All retrievals were removed for a primary revision surgery 

due to instability or aseptic loosening and wear. The two reference samples included in 

this study were an unused wrought CoCrMo alloy femoral head and a low carbon cast 

CoCrMo puck (manufactured by the same process as femoral heads). Specific sample 

details and patient data are provided in Table 1. The manufacturer and implant 

information is unknown for Retrieval Explant 3. Polishing, etching and elemental 

analysis of the bulk sample revealed the presence of large grain boundaries and an 

abundance of carbides in the bulk microstructure suggesting that it is a cast CoCrMo 

alloy. In addition, the lack of carbides in the wrought samples suggest that they are low 

carbon wrought CoCrMo alloys.   
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The retrievals and reference samples were ultrasonically cleaned in detergent 

solution (UltraClean TopDent, Upplands-Väsby, Sweden) for multiple 15 min cycles to 

dissolve bone cement, protein, blood residue, and fat. Following this, the samples were 

ultrasonically cleaned in ethanol. All samples were cut using electrical discharge 

machining (EDM) in the transverse plane to minimize the size of the samples 

(approximately 16 mm diameter by 4 mm height) to allow for insertion into the auger 

electron spectroscopy (AES) microscope. This also allowed for stabilization of the 

sample during tilt angles in the focused ion beam (FIB) microscope. Immediately prior to 

electron microscopy, samples were rinsed with detergent for 5 min, washed with 

distilled water, ultrasonically washed in acetone for 5 min, ultrasonically washed in 

methanol for 5 min and allowed to air dry. For further analyses, the superior, medial 

region of the femoral head samples was used to maintain consistency in the 

investigated areas of interest since in vivo loading conditions are uncertain and 

inconsistent between samples.   

2.2 Scanning Electron Microscopy  

To characterize surface wear, all samples were investigated using the JEOL 

JSM-6610LV (JEOL, Japan) tungsten filament scanning electron microscope (SEM). 

The microscope was operated at accelerating voltages between 2 keV to 15 keV and 

beam currents of 40 to 60 pA. The secondary electron imaging (SEI) mode and back-

scattered electron (BSE) imaging mode were used simultaneously to analyze surface 

topography and elemental compositional contrast. Energy dispersive X-ray 

spectroscopy (EDS) analysis between 10 keV to 15 keV was also used to perform point 

identifications, line-scans and elemental mapping of the surface of the samples.  



 

7 
 

2.3 Vertical scanning interferometry  

The surface roughness and appearance of the top and side of the retrievals were 

evaluated using vertical scanning interferometry (VSI, Wyko NT-1100, Vecco 

Instruments, USA) with a 10X objective, over an area of 590 X 450 µm. With the 

software Vison 3.44 a spherical shape was removed in order to plot and evaluate 

surfaces on the femoral heads, and no other filtering of the data was applied. 

2.4 Auger Electron Spectroscopy   

AES on a JEOL JAMP 9500F (JEOL, Japan) field emission auger microprobe 

was used to perform depth profiling on the surface of the samples to characterize the 

potential presence of a surface film layer. Depth profiling conditions were at 10 keV, 50 

nA, 0.75 eV step size, 5 sweeps and 100 ms dwell time. The estimated sputtering rate 

for a generic CoCrMo alloy was 30 nm/min as indicated in the JAMP-9500 Instruction 

Manual Appendix 9: Ion Beam Etch and Sputtering Rate 30.    

 2.5 Focused Ion Beam  

To isolate specific sites of interest for cross-sectional examination of subsurface 

microstructure and crystallinity using the transmission electron microscope (TEM), 

conventional FIB milling procedures were performed using the Zeiss NVision 40 (Carl 

Zeiss, Germany) FIB SEM (equipped with a Schottky Field Emission Gun) 31. Regions 

of interest on references were selected based on uniform scratches that likely result 

from manufacturing processes. Regions of interest on retrievals were selected based on 

locations where deeper scratches were present and if possible, the simultaneous 

presence of what appeared to be a residual tribological layer on the surface. A 

protective layer of carbon followed by a thin layer of tungsten was deposited over areas 
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of interest to prevent ion beam damage from the bulk milling procedure. Trenches were 

milled around the area of interest using a 30 keV beam of Ga+ ions. The ion gun was 

then used to mill around the lamella to detach it from the bulk sample, the lamella was 

lifted out by a micromanipulator, attached onto a copper grid and thinned to electron 

transparency with a 10 keV beam. Two cross-section TEM samples were prepared for 

Retrievals 2 and 3 and one cross-section TEM sample was examined for all other 

samples. 

2.6 Transmission Electron Microscopy  

TEM was used to examine the subsurface microstructure and chemical 

composition of all samples. A Philips CM12 (FEI, The Netherlands) with LaB6 filament 

(120 keV) was used for preliminary imaging of subsurface microstructure. A JEOL 

2010F (JEOL, Japan) field emission TEM/STEM was operated at 200 keV for EDS 

mapping and bright-field scanning transmission electron microscopy (STEM) of all 

samples.  

3. Results  

3.1 Surface Characterization with SEM, VSI and AES  

Scratches were clearly visible on the surface of the reference and retrieved 

CoCrMo THA femoral heads even at low resolutions in the SEM. The wear patterns on 

the unused reference femoral heads (Fig. 1A, 1C) consisted of straight, parallel or 

perpendicular, multidirectional scratches. In comparison, the surface of the retrievals 

(Fig. 1B, 1D) were more worn and consisted of many more deep, and non-linear 

scratches, in addition to the linear, parallel and perpendicular scratches seen in the 

reference samples. Complementary to SEM results, VSI of the tops and sides of the 
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femoral heads showed a higher concentration of scratches on the sides of the retrievals 

compared to the top and the approximate range of scratch depths were up to 150 nm 

deep on the retrievals, while the maximum depth on the investigated areas of the 

reference samples was 60 nm (Fig. 2). 

Hard phases were visible on the surface of the cast samples. Hard phases were 

easily identified in the SEM where the scratches are noncontinuous. The hard phases 

were abundantly found on Retrieval 2 (Fig. 1D arrowhead, Fig. 2, Fig. 3A) and Retrieval 

3 (Fig. 2, Fig. 3B) and measured approximately 10-50 µm in length (SEM) and up to 0.7 

µm in height (VSI). The hard phases were easily differentiated in BSE mode as they 

appeared brighter due to a composition of elements with higher atomic number 

compared to the bulk material. On Reference 2, phases that resembled carbides and 

were 5-10 µm (SEM) (Fig. 1C arrow) in length and up to 0.1 µm in height (VSI) (Fig. 2), 

were observed on the surface. However, the hard phases on this reference sample had 

a darker contrast compared to the surrounding bulk material (Fig. 1C arrow). To further 

characterize the composition of the hard phases, line-scans using SEM EDS were taken 

over parts of the bulk material and identifiable hard phases (Fig. 3). In Retrieval 2, the 

line-scan showed a relatively large enrichment of Mo and Cr, a small enrichment of Si 

and C, as well as an obvious depletion of Co in the hard phase (Fig. 3A, graph). In 

Retrieval 3, the linescan showed an enrichment in Mo and Si, slight enrichment of Cr (to 

a lesser extent than in Retrieval 2) and nearly no depletion of Co (Fig. 3B, graph). In 

addition, VSI results showed that the height of hard phases in Retrieval 2 and 3 was 

larger on the side of the femoral head compared to the top. No carbides or Mo-rich hard 
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phases were identified using SEM or VSI in the wrought Reference 1 sample or the 

wrought Retrieval 1 sample.   

In SEI mode, at lower accelerating voltages (e.g. 10 keV, Fig. 4A), an organic 

layer was evident on the surface of retrievals. The surface of Retrieval 3 (Fig. 4A) was 

covered in a layer of darker and brighter surface components which masked the 

distribution of Mo-rich hard phases invisible unless imaged at higher accelerating 

voltages or when imaged in BSE mode (Fig. 4B). This effect was not observed on 

Reference 2; the hard phases were evident on the surface and no darker or brighter 

patches were visible. The AES depth profiles (Fig. 4C, 4D, 4E) were taken at the points 

labelled +1 (Fig. 4C), +2 (Fig. 4D), +3 (Fig. 4E) on the corresponding reference and 

retrieval samples. The relative abundance of elements in the bulk material of Reference 

2 (Fig. 4E) and the brighter spot on Retrieval 2 (Fig. 4F) were relatively similar with the 

exception of a lower amount of C and a larger amount of O on Retrieval 2. The 

depletion of O corresponded to a sputtering time 0.33 s, which, using the estimated 

sputtering depth rate of 30 nm/min 30, corresponded to an O-rich layer that was 

approximately 10 nm in depth. In the darker region on the surface of Retrieval 3, the 

depth profile showed a larger amount of C that was depleted at around 1 s, which 

corresponded to a C-rich layer of approximately 30 nm.   

Lastly, in the TEM, (Fig. 5E, 5F, 6D), the residual layer was also evident 

approximately 10 nm from the surface of Retrieval 3. TEM EDS showed that this layer 

had a large composition of C and O and small amounts (approximately 2-3%) of Ca and 

Si were also detected.  

3.2 Subsurface Microstructure Characterization with TEM  
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 FIB was used to prepare TEM samples over the cross-section of scratches on 

the surface of the samples. The scratches on the references were most likely a result of 

the manufacturing process and the scratches on the retrievals were selected based on 

irregular nonlinear appearance, indicative of scratches formed as a result of in vivo wear 

(Fig. 5A, 5D). Figure 5 shows the cross-sectional microstructure of said scratches 

imaged in the TEM at lower magnifications (Fig. 5B, 5E) and at higher magnifications 

(Fig. 5C, 5F). A distinct nanocrystalline layer characterized by smaller grains directly 

under the surface of the retrievals was evident. The layer appeared to dip lower, 

following the contours formed by the scratches (Fig. 5B, 5F).  

 Observations of the subsurface microstructure of all other samples using bright-

field STEM revealed a nanocrystalline layer at the surface (Fig. 6). The nanocrystalline 

layers ranged from 100 nm to 350 nm and were present subsurface in both the 

reference samples (Fig. 6A) and the retrievals (Fig. 7B-7D). 

 Lastly, to identify the chemical composition of the nanocrystalline layer and 

subsurface bulk material, EDS in the TEM was used to map small areas in each 

sample. Selecting a representative case, Fig. 7A shows the STEM micrograph of the 

Retrieval 2 sample where the EDS map was taken and a refined microstructure was 

visible across the entire subsurface region. The EDS maps (Fig. 7B-7E) show an area 

corresponding to a Mo-rich hard phase similar to the ones shown in Figure 2D and 

Figure 5A. Consistent with the results obtained from the line-scan using EDS in the 

SEM, the hard phase was rich in Mo and Cr and depleted in Co. The refined 

microstructure appeared continuous between the hard phase and the nanocrystalline 

layer (Fig. 8B).  
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4. Discussion  

4.1 Surface wear 

 The abundant scratches on the reference samples were likely formed by 

mechanically-induced wear modes during the proprietary polishing process used during 

manufacturing. Therefore, the surface wear on the retrieved samples can be attributed 

to both the manufacturing process and in vivo wear. The shallower, linear, parallel or 

perpendicular scratches present on both reference samples and retrieved implant 

samples are suggestive of single-cycle deformation abrasive wear modes 32,33. On the 

other hand, the deeper, nonlinear individual scratches may be suggestive of third body 

abrasive wear 28. More abundant, complex wear scars and cracks may be a result of 

repeated-cycle deformation mechanisms 32,33. The wear patterns observed on the 

reference samples prior to implantation may have an influence on the wear modes and 

tribochemical reactions in the mechanical and chemical environment of the in vivo joint. 

Preexisting scratches and scratches produced in vivo have an effect on the shape, 

amount and size of wear debris generated 33,34. The wear and the surface roughness of 

the retrievals showed a large variation, which is dependent on the positioning in vivo. 

On the top (superior, medial region) the wear was less adverse than laterally, in a 

region close to the equator, where the contact pressure and ingress of third body wear 

particles were most likely higher compared to the pole of the metallic head. On the sides 

the scratches were deeper and the hard phases (when apparent) were raised slightly 

above the bulk surface. Presumably, the greater exposure of hard phases on the cast 

samples, especially at high wear zones, will increase abrasive wear on the 

complimentary polyethylene component, potentially increasing the generation of wear 

debris35,36.  
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4.2 Carbides and hard phases 

The identification and characterization of hard phases on the surface of the 

samples are consistent with previous findings in MoM CoCrMo prostheses 37,38. From 

examination of the surface of the samples, clusters of hard phases were identified on 

the cast Reference 2 (Fig. 2C) but not on the surface of wrought Reference 1 and these 

hard phases differed from hard phases observed on the other retrieved implant 

samples. The hard phases on Reference 2 most closely resemble the Co-rich M23C6 

and MC6 carbides reported by Bettini et al. 38. The dissolution of interdendritic carbides 

and the precipitation of lamellar carbide eutectic phases at grain boundaries are formed 

by high temperature sintering cycles during the metallurgical modifications of the alloy 

39. The most commonly observed hard phases may contain varying compositions of the 

alloying elements (M=Co, Cr, Mo) in two crystallographic structures M23C6 and M6C, 

found to coexist in large clusters 37–39. Previous studies suggest that carbides within the 

grains increase the effective strength of the CoCrMo, but when found at grain 

boundaries, the carbides tend to embrittle the material 37. In the MoP tribosystem, due 

to their high modulus, hard phases likely serve as contact asperities during loading 

conditions in vivo possibly leading to abrasion of the contacting polymer surface. 

Wimmer et al. has shown that under high local contact stresses, the hard phases can 

be removed from the bulk alloy inducing surface fatigue by indentations and third body 

abrasion 3. The presence of hard phases and carbon content also has an effect on the 

passivity of the alloy. The preferential metallic dissolution at hard phase boundaries 

depletes the metal matrix in Cr, thus hindering the availability of Cr to form an oxide film 

38. Therefore, lowering carbon content (up to 0.35% carbon can be incorporated into the 
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CoCrMo) and increasing the amount of chromium available can generate a more 

homogenous surface with increased corrosion resistance 39.  

A mixed-phase hard constituent was also found throughout the bulk of the cast 

retrieval samples (Retrieval 2, Retrieval 3, Fig. 3) and congruent with the Mo-rich M23C6 

carbides as reported in previous MoM studies 37,40. From high magnifications in the 

SEM and the varying peak intensities on the EDS line-scans, it was evident that the 

composition within the hard phases was not homogenous. The hard phases on the 

retrieval samples were larger in size and had a higher enrichment of Mo in comparison 

to the hard phases found on cast Reference 1. Furthermore, the elemental profile of 

hard phases in Retrieval 2 is different from those found in Retrieval 3 - the Retrieval 3 

hard phase has a more notable enrichment of Si and no depletion of Co. At higher 

magnifications, the BSE SEM micrographs show suspended particulates of varying 

compositional contrasts in the hard phases on the retrievals (Fig. 3). Additionally, the 

EDS line-scans through the hard phases show peaks of varying relative intensities 

demonstrating the heterogeneous nature of the hard phases. For example, in Fig. 3B, 

the spikes in Mo on the EDS line-scan correspond to particles on the SEM micrograph 

that are brighter, suggesting a higher Mo content in those particles. The nanograin 

heterogeneity of the hard phase is also evident in the TEM cross-section in Fig. 7. The 

TEM EDS map shows grains with an abundance in Co, Cr or Mo (Fig. 7C, 7D, 7E). In 

the characterization of hard phases found in cast and wrought alloys, Liao et al. found 

that these mixed-phase hard constituents were found mainly in cast alloys (M23C6 –type 

and FCC phases) and carbides within the wrought alloys were largely homogenous 

(M23C6 single phase) 37. The heterogeneity supports that Retrieval 2 and 3 were formed 
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using the casting method. The homogeneity and scarcity of hard phases within wrought 

alloys may be attributed to the repeated heating and deformation cycles after casting 37.  

In vitro simulator tests have shown that detachment of nanograins can result 

from the sliding over protruding mixed hard phases leaving pits in the bulk material 37. 

Furthermore, cracks propagated through the nanograins of the mixed hard phase after 

five million cycles while, contrarily, the single phase carbides were still intact 41. Hard 

phases, including the mixed hard phases, may be contact asperities that encourage 

abrasive wear, adhesive wear and surface fatigue on the metallic surface as well as on 

the UHMWPE counterpart. In addition to the scratches, hard phases may also influence 

the size, shape and amount of polyethylene wear debris generated.  

4.3 Tribological layer and oxide layer 

Compared to the reference sample (Fig. 4C), the brighter layer in the SEM 

contains an enrichment of oxygen that suggests the presence of a thin oxide layer 

(containing chromium oxide (III)) which forms spontaneously as CoCrMo alloys are 

exposed to air 42. The depth profile shows the depletion of oxygen at approximately 10 

nm which roughly corresponds to the 8-20 nm thickness as reported in other MoM 

tribochemical reaction studies 6,9.  

The AES depth profile of the darker layer in SEM revealed an abundance of 

carbon and a depletion of the other analyzed elements (Fig. 4E). The approximate 

thickness of the carbon-rich layer was 30 nm. Milošev and Remškar reported the 

presence of a profuse solid deposit containing C, N, and O that was 1 µm thick and a 

thinner mixed deposit layer containing metal oxides, organic-related components and 

hydroxides, based on MoM retrievals 6. The authors of this study suggest that the 
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abundance of carbon is organic in nature and is a result of tribochemical reactions that 

generate compact and partly segmented carbon-containing layers of denatured 

proteins. Other studies, found that the tribolayers are nanocrystalline in structure and by 

the process of “mechanical mixing”, the organic material from the synovial fluid 

becomes incorporated into the top 50-200 nm of the metallic surface 3, 5,9,43–45. The 

carbon-rich tribological layer has been suggested to function as a solid lubricant in the 

MoM tribological system, reducing direct metal on metal contact and effectively 

improving wear performance 46. More recently, Liao et al. proposed the presence of 

graphitic carbon in the tribological layer which may function more like the lubricant in a 

combustion engine 8. In this study, the layer found on Retrieval 3 is comparably thinner 

than the layers previously reported for MoM retrievals and does not appear to contain 

similar graphitic carbon in the surface films. However, TEM EDS of the layer on 

Retrieval 3 revealed a composition of C, O, Si and Ca, supportive that this layer may 

have an organic component. In the TEM, a thick carbon-rich layer to the same extent 

has also not been observed in the retrieved samples. Although the TEM samples were 

protected by a layer of sputtered C, this was under the assumption that a tribological 

layer containing compacted organic material or a nanocrystalline structure may be 

differentiated. In contrast to articulations within the MoM joint interface, the appearance 

of the 60 nm thick carbon layer observed by AES depth profiling for retrieved MoP joints 

could be attributed to many sources including: the polymeric acetabular component of 

the bearing couple, in vivo organic compounds, and exposure to air on the surface of 

Reference 1 (not shown) and Reference 2 (Fig. 4C), AES depth profiling showed high 

initial levels of carbon, approximately 10-20 nm in thickness. Therefore despite the 
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slight difference in depth profiles between the reference and the retrieved surfaces, the 

presence of a carbon-rich nanocrystalline or mechanically-mixed tribological layer (of 

the same size as MoM studies) on the retrieved samples cannot be ascertained.  

4.4 Subsurface Microstructure  

In 2005, Büscher et al. reported a nanocrystalline layer (500 nm in thickness) in 

the subsurface microstructure of MoM retrievals within the retrieved acetabular cups 

[10]. Although mechanical polishing was considered as a possible mechanism of the 

formation of the nanocrystalline layer, it was suggested that plastic deformation at that 

stage was insufficient to induce nanocrystal formation. The conclusions drawn from the 

study were that plastic deformation during the wear process leads to mechanical milling 

and dynamic recrystallization at the immediate subsurface layer. Furthermore, surface 

fatigue (and not abrasion) leads to the generation of globular wear debris torn off from 

the nanocrystalline layer. Moreover, it is suggested that a high number of grain 

boundaries and defects at the nanocrystalline subsurface layer should increase the 

mechanical stability and tribological properties of the material [9]. In line with the 

possibility that a nanocrystallline layer is formed due to polishing during manufacturing, 

Pourzal et al. have shown the presence of a nanocrystalline layer in the non-contacting 

zone, however the surface integrity of the sample was not well preserved and only one 

sample area was demonstrated45. In this study, TEM revealed that the nanocrystalline 

layer was present on both the reference and retrieved samples (Fig. 7). The preparation 

of TEM samples from the retrievals involved identifying scratches that may not have 

been present as a result of the manufacturing process (i.e. curved, nonlinear scratches 

characteristic of in vivo wear). The cross-section of a scratch can provide important 
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information, such as the microstructure of the material removed during the creation of 

wear debris as a result of scratch formation. The layer thicknesses ranged from 100 to 

350 nm. However, it should be noted that the lower end of this range corresponds with a 

retrieved sample (Retrieval 1) and not Reference 1. This suggest that the 

nanocrystalline layer is generated by the mechanical polishing process during 

manufacturing of the components and is not entirely due to dynamic recrystallization 

induced by in vivo wear. However, the creation of the nanocrystalline layer as a result of 

wear should not be dismissed. Studies on MoM articulations as well as alumina 

articulations have shown run-in wear that removes up to 250 nm from the surface which 

may account for the variable thickness of the nanocrystalline layer in the retrieval 

samples. Nonetheless, the extent of run-in wear on the metallic component in MoP 

bearing couples is significantly less in comparison to MoM bearings47–51. Observing the 

cross section of scratches in Fig. 6, the nanocrystalline layer under the area of a scratch 

appears to follow the contours of the scratch. The thickness of the nanocrystalline layer 

under the scratches does not appear to be significantly reduced as one would expect if 

an abrasive scratch were to remove the material at the surface. It appears that a 

nanocrystalline zone can be generated in the secondary shear zone from an abrading 

particle, however other studies have shown little to no nanocrystalline zone formation 

beneath scratches. Further high resolution TEM of the subsurface microstructure on a 

larger number of retrievals is required to elucidate a deeper understanding of the 

formation of and wear mechanism caused by the nanocrystalline layer.  

In conclusion, many of the results from this study are in agreement with features 

previously examined in MoM studies. The comparison of retrieved CoCrMo femoral 
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heads with unused reference samples shows that there are pre-existing imperfections 

inherent to the manufacturing process in addition to subsurface microstructural changes 

associated with in vivo loading conditions. Prior to implantation, a typical unused hip 

prosthesis may contain regular, linear scratches that may have resulted from the last 

polishing step of the manufacturing process. Further, at a subsurface microstructural 

level, the unused prosthesis may contain hard phases and a nanocrystalline layer, all of 

which may contribute to the wear performance of the MoP prosthesis. Future 

investigations on a larger sample size, in combination with the complimentary 

UHMWPE acetabular cup may reveal additional information about the wear 

mechanisms and tribological interactions between the MoP articulating surfaces.   
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8. Tables and Figure Legends  

 

Table 1. Detailed information on samples1 

 
 

 

 

 

 

 

 

 
1 The manufacturer for Retrieval Explant 3 is unknown but the explant is assumed to be cast based on 
characterization of microstructure, composition and the abundance of carbides.  

Implants Patient 
Sample 

 
Size 
(mm) 

Material Manufacture
r/Model 

Duration 
in vivo 
(years) 

Se
x 

Weight 
(kg) 

Heigh
t (cm) 

Age at 
insertio

n 

Reason 
for 

Removal 
Retrieval 
Explant 1 
 

28 Wrought 
CoCrMo  
(ISO 5832-
12; ASTM 
1537) 

Link/Lubinus  2 F 69 163 78 Instability  

Retrieval 
Explant 2 
 

28 Cast 
CoCrMo 
(ISO5832-4) 

Protek/Cone  15 F 50 160 41 Aseptic 
loosening
/wear  

Retrieval 
Explant 3  
 

28 Cast 
CoCrMo 

Unknown  15 F 62 156 69 Aseptic 
loosening
/wear 

Reference 
1  
 

28 Wrought 
CoCrMo 
(ISO5832-
12) 

Zimmer  - - - -  - 

Reference 
2 
(Puck) 

D=30, 
H=10 

Cast 
CoCrMo 
(ASTM F-
75) 

Sandvik - - - -  - 
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Figure 1. SEM micrographs of the surfaces of the references and retrievals. The 

surfaces of wrought Reference 1 (A) and cast Reference 2 (C) have many straight, 

uniform, parallel/perpendicular scratches. There is also an abundance of hard phases 

(5-10 µm) distributed on the surface of Reference 2 (C, arrow). The surfaces of the 

retrievals (B and D) have an abundance of more irregular scratches in addition to the 

straight parallel scratches. A Mo-rich hard phase (30 µm in length) is visible in the 

micrograph of Retrieval 2 (D, arrowhead).  

Figure 2. Depth of scratches and size of hard phases. VSI (590 X 450 µm) was used 

to visualize the depth of scratches as well as the height and size of hard phases.   

Figure 3. Molybdenum-rich hard phases on the surface of cast retrievals. EDS 

line-scans (graphs to the right of the corresponding backscattered SEM micrographs) 

are taken over the black line through a hard phase, as shown in the SEM micrographs 

(A, B). The hard phase on Explant 2 (A) has an abundance of Mo, Cr and a slight 

increase Si and C compared to the bulk metal. The hard phase on Explant 3 is highly 

abundant in Mo and Si, but shows only a slight increase in Cr, and very little depletion of 

Co.  

Figure 4. SEM and AES depth profiles of oxide layer and tribolayer. SEM 

micrographs of Explant 3 (A, B), where the more surface sensitive SEI image (A) shows 

an evident surface layer of brighter and darker areas than when viewed in BSE (B). The 

estimated sputtering rate of CoCrMo is approximately 30 nm/s. The depth profile of the 

cast Reference 2 bulk material is shown in (C, +1); the depth profile of Explant 2 at a 

bright spot is shown in (D, +2); and the depth profile of Explant 3 at a dark spot is shown 

in (E, +3). Explant 2 (D, +2) shows higher amounts of oxygen compared to the 
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reference, approximately 10 nm in depth. Explant 3 shows slightly more carbon 

compared to the reference, approximately 30 nm in depth.  

Figure 5. TEM micrographs taken over scratches on the explant surface. SEM 

micrographs of scratched regions selected for TEM sample preparation using FIB (A, 

D). TEM micrographs of the cross-section of scratches are shown at lower 

magnifications (B, E) and at higher magnifications (C, F) showing both nanocrystalline 

surface layers, and divots corresponding to removed material in the scratch. 

Figure 6. STEM BF micrographs of surface nanocrystalline layer. A distinct 

nanocrystalline microstructure is visible at the surface of all explant and reference 

samples (A-E). The arrows delineate the height of the layers which range from 

approximately 100-350 nm.  

Figure 7. EDS map in TEM of the Mo,Cr-rich hard phase. Transmission electron 

micrograph of Explant 2 (A) that shows refined subsurface nanocrystalline layer. 

Elemental maps of Co (C), Cr (D), Mo (E) were taken over a small area (B). The 

elemental maps show an abundance of Mo and Cr and a depletion of Co in an area that 

corresponds to the Mo, Cr-rich phase in the sample. The Mo, Cr-rich phase has a 

refined structure that continues across the subsurface layer of the sample 

corresponding to the nanocrystalline layer.  
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