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Abstract

Artificial hip joints operate in aqueous biofluids that are highly reactive towards metallic surfaces. 

The reactivity at the metal interface is enhanced by mechanical interaction due to friction, which 

can change the near-surface structure of the metal and surface chemistry. There are now several 

reports in the literature about the in-situ generation of reaction films and tribo-metallurgical 

transformations on metal-on-metal hip joints. This paper summarizes current knowledge and 

provides a mechanistic interpretation of the surface chemical and metallurgical phenomena. Basic 

concepts of corrosion and wear are illustrated and used to interpret available literature on in-vitro 

and in-vivo studies of metal-on-metal hip joints. Based on this review, three forms of tribomaterial, 

characterized by different combinations of oxide films and organic layers, can be determined. It is 

shown that the generation of these tribofilms can be related to specific electrochemical and 

mechanical phenomena in the metal interface. It is suggested that the generation of this surface 

reaction layer constitutes a way to minimize (mechanical) wear of MoM hip implants.

1 Introduction

Total hip and knee replacements are widely regarded as successful surgical procedures with 

overall good clinical outcome [1]. This success, coupled with an aging population, has led to 

a steep increase in procedures during the last decade with currently more than 300,000 

primary hips and twice as many knees performed each year in the United States alone [2]. 

Nearly all of the available joint replacement devices use metal alloys for some parts of the 

device, especially for the anchoring stems, femoral articulations, and any metal backings of 

bearing liners, where high strength and fatigue resistance are necessary to guarantee 

longevity in vivo. The utilized metals are alloys based on cobalt, titanium, and iron, all with 

excellent passive corrosion characteristics due to an oxide layer that forms spontaneously at 
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the surface. However, absence or damage of the oxide layer causes metal release into the 

periprosthetic tissue with potentially drastic adverse reactions of the soft tissue. Wear of the 

joint surfaces is known to introduce damage of the oxide film. Cyclic oxide film removal 

followed by repassivation leads to corrosion and wear that act in synergy, i.e. a 

tribocorrosion situation [3–4]. The interaction between wear and corrosion phenomena has 

been identified as one of the key mechanisms governing the degradation of MoM implants 

[5]. Quantitative prediction of material loss from MoM bearing surfaces based on 

tribocorrosion concepts was firstly proposed by Mischler et al. [6]. Cao et al. [7–8] recently 

developed a comprehensive predictive model considering mechanical wear, wear accelerated 

corrosion and hydrodynamic lubrication that was able to predict with high precision the 

degradation of MoM implants in simulators. However, this model does not consider the 

build-up of tribomaterial as reported in [9–10].

Clinically, this problem surfaced with a group of hip devices using self-mating cobalt-

chromium-molybdenum (CoCrMo) alloy bearings with large heads. These so-called metal-

on-metal (MoM) joints showed unexpectedly high failure rates due to wear and corrosion 

alarming the orthopedic industry and clinical community [11–12]. In 2015, the Australian 

Registry published a failure rate of 22.4% at 10 years for MoM hips with large (>32 mm) 

head sizes in their report [13]. This is a direct result of the poor mechanistic knowledge of 

the degradation mechanism(s). Although wear and corrosion have long been recognized as 

the problem limiting the long-term survival of orthopaedic implants [14], there remains a 

dearth of knowledge regarding the underlying mechanisms. This is in part due to the 

extremely complex environment. Within the contact zone of articulating or fretting metal 

surfaces, there are complex metal-protein compounds that are generated because of the 

availability of high frictional and/or chemical energy [15].

An understanding of how to utilize synergistic interactions of wear and corrosion towards 

material protection may provide a leap in safety for future devices that are restricted to 

materials without suitable alternatives. In this paper, it is reviewed the basic mechanisms and 

current understanding of metal/metal interaction in the human body with a particular focus 

on surface transformations occurring on MoM joint surfaces. Thus, this paper will try to 

rationalize the available literature on in situ generated tribomaterial and propose reaction 

mechanisms that may explain their occurrence.

2 Clinical aspects

About 43% of failures registered in metal-on-metal (MoM) prostheses were attributed to 

adverse local tissue reactions (ALTRs). ALTRs, are the result of immune responses and 

clinically are shown as granulomas, necrotic tissue, pseudotumors, and systematic 

genotoxicity [16–17]. Although, the implantation prevalence of MoM has since 2008 

declined from 40% to less than 3%, there are currently nearly one million patients carrying 

MoM bearings [18]. Clinically, the individual risk for each of these patients and the 

necessary management of these MoM bearings are not clearly understood [19].

Similarly to MoM bearings, modular junctions are also under scrutiny. Modular junctions 

have been introduced to handle complex deformity and keep hospital inventory low. They 
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also make joint reconstructions easier and faster for the surgeon. In a survey of the American 

Academy of Orthopaedic Surgeons among their members, 87% of the respondents indicated 

they have used implant modularity with a metal/metal taper junction [20]. On the flip side, 

modularity generates additional interfaces that can undergo fretting. Fretting is micro-

motion caused by cyclic loading of modular junctions interfaces. Although this issue 

appeared to have been solved in the early 1990s, there are many new failure reports in the 

literature [21–23], and surgeons have to deal with the management of device failure due to 

ALTRs [24]. Certainly, a better understanding of the interaction of wear and corrosion, 

specifically factors which drive them towards protection and/or harmful degradation would 

help to establish management guidelines for those who carry devices with metal/metal 

interfaces in situ. (e.g. surface replacement devices which are still attractive for young 

athletic patients [25]).

Another clinical issue is the unknown composition of the degradation products, which are 

generated in the in vivo environment. Complex metal-protein compounds are generated [15]. 

Also, currently unknown, highly reactive products might be released from the contacting 

surfaces which decay to more stable debris products over time. Unfavourable reactions of 

these species with proteins and cells in the device vicinity may have stayed largely 

undetected because later histomorphological probing would show them in their equilibrium 

state. Hence, additional knowledge in this area would allow to design more relevant 

biocompatibility tests. Nowadays, the reaction of cells to corrosion products is assessed with 

diluted metal salts, or manufactured particles which are chemically stable [26].

In the following the paper will be focused on the degradation of MoM joint surfaces as one 

of the key factors determining clinical outcome of total hip joint replacements.

3 Wear and Metallurgical Transformations in MoM implants

In order to describe metallurgical transformation caused by friction and wear in metal-metal-

contacts, one must look at the specific structure of any tribosystem characterized by the 

main tribo-elements (e.g. Head, Cup, Pseudosynovia, Human Body), the tribological loading 

(sliding, impact), ambient (37°C) and contact spot temperatures (up to approximately 60°C 

[27]) and the duration (as long as possible) [28]. These lead to a characteristic combination 

of acting wear mechanisms (adhesion, abrasion, surface fatigue, tribochemical reactions) 

and their submechanisms brought about by the dissipated work of friction [29]. Reported 

clinical linear wear rates for MoM hip replacements and joints under steady state conditions 

range from 1 to about 8 μm per year [30–31]. Assuming 0.5 to 3×106 gait cycles per year, 

the linear wear rate per gait cycle would be smaller than the size of an atom, while the size 

of the wear particles within the surrounding tissue starts at about 30 nm and ranges up to 10 

μm [32–34], lying the majority of them in the nanometer size. This mismatch shows that 

such small wear rates, which are represented by the generation of wear particles and the 

release of ions, cannot be seen as a continuous process but should be understood as a highly 

localized and steadily altering sequence of void initiation, accumulation, and propagation on 

the nm-scale before any wear particles of such small size would detach from the surface.
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3.1 Wear morphology

Well functioning MoM heads retrieved after 8 to 22 years typically exhibit organic reaction 

layers, indentations, remains of wear debris, and very few scratches (Figure 1). These are 

characteristic for “tribochemical reactions” and “surface fatigue” while there are very few 

indications (scratches) of “abrasion”. Even if abrasion would be apparent, the underlying 

submechanism could be microploughing, which generates grooves mainly by shifting the 

material towards the ridges instead of generating a chip like in microcutting [29]. Thus it is 

quite likely that under such small wear rates, microploughing prevails, bringing about a 

marked plastic deformation of the surface material. Still, because solid-solid contacts cannot 

be avoided in a self-mating metal contact under boundary and mixed lubrication conditions, 

adhesion could also be expected. However, there are no signs of “adhesion”, indicating that 

there is something hindering any direct metal-metal contacts. In addition, the reported 

nanometer-size wear particles are released from materials of much bigger grain sizes, 

ranging from 2 mm for cast prosthesis of the 1st generation to 30 μm of today’s cast and 

forged prostheses of 2nd and 3rd generation joints [36]. Thus the near-surface material must 

have undergone a marked microstructural alteration.

3.2 Strain Gradient from Bulk to Surface

MoM bearings, as it is for any other tribosystem, show a distinct run-in followed by steady-

state [37]. Thus, in the beginning, both contacting surfaces undergo a process of adjustment 

by either wear and/or plastic deformation before the contacting bodies interact 

predominantly elastic [31, 38–40]. Importantly, at such small wear rates, the elastic 

interaction is of cyclic nature during steady-state and, therefore, might allow for cyclic-

plastic deformation (cyclic-creep or ratcheting) [41–43] followed by mechanical instabilities 

like shear bands [44–48] as well as crack initiation and propagation [49–51]. Finally the 

microstructure of standardized HC-CoCrMo alloys might vary markedly depending on the 

production route and sequence [52], with still unknown relations to the actual wear or 

corrosion behavior.

3.2.1 Bulk and Sub-Surface Strain Gradient—The strain gradient is displayed along 

the increasing contact stresses, as computed according to Hamilton et al. [53] and Fischer et 

al. [54], and starts from the nominally stress-free bulk. Close to the surface, the so-called 

“sub-surface” volume undergoes multiaxial fatigue stress due to the cyclic nature of friction. 

This leads to the accumulation of plastic strain forming a ratchetting gradient. For CoCrMo-

alloys this mechanism is brought about solely by planar slip generating the triangle and 

rhomboid areas (Figure 2), which – by the increasing stress amplitudes towards the surface – 

become smaller [44, 55].

3.2.2 Near-Surface Strain Gradient and Tribomaterial—Directly at and underneath 

the contacting surface – within the “near-surface” volume – signs of severe plastic 

deformation are found accompanied by so-called mechanical instabilities like shear bands. 

Such instabilities do either generate from the accumulated cyclic shear [43, 57] or are 

generated monotonically by severe plastic deformation [49, 58], while on the basis of recent 

experimental and computational findings, the latter appears more likely [59, 60]. The grain 

size remains between 10 to 70 nm at depths from 100 to 300 nm (Figure 3). The motion 
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between head and cup is accommodated by this thin layer of nanostructured material, since 

it can undergo the high shear rates of 103 to 105 s−1. As proposed earlier, molecular dynamic 

simulations have shown a friction-induced rotation of randomly arranged clusters of atoms 

or a spontaneous generation of rotating nanocrystals on the interface of solid sliding bodies 

in contact [61]. This mechanism will bring about a zone of rotating matter, which is also 

known for severe plastic deformation of nanocrystalline metals under shear [62]. Any 

interfacial medium like the pseudosynovia is now incorporated into such nanometer-size 

vortices and a nanostructured composite consisting of the lubricant and the severely strained 

materials of body and counterbody is generated (Figure 3) [9].

Thus this uppermost layer, sometimes referred to as third-body material [63], alters its 

chemical composition by mechanical mixing [64], a submechanism of tribochemical 

reactions.

Recently, fine machining experiments [61] and computer simulations [59, 65] have shown 

that, for microcrystalline materials, such rotation occurs mainly by microploughing during 

run-in. Grain boundaries act as obstacles for shear and lead to overfolding. MoM laboratory 

experiments also support these findings, that most of the tribomaterial is generated during 

run-in [66]. During steady state this nanostructured composite layer is worn by surface 

fatigue brought about either by blunt asperities (delamination), or by rotating nanosize wear 

debris (indentation), or it reaches its critical thickness and spalls off as it is known for 

tribochemical reactions. The growth rate of tribomaterial can in part balance the weight loss 

by surface fatigue and, therefore, allow for such very small wear rates of some nm/h.

4 Chemical and electro-chemical behaviour of CoCrMo in body fluids

Corrosion of CoCrMo alloys exposed to synovial fluid encompasses a variety of chemical 

surface transformations arising from chemical and electrochemical reactions of the metal 

and the liquid environment. As in the case of most alloys, the corrosion behaviour of 

CoCrMo alloys is highly dependent on chemical composition, microstructure (phases, 

inclusions and defects) and surface state. Synovial fluid is a viscous, non-Newtonian 

aqueous solution containing inorganic salt constituents (i.e. chlorides, phosphates, 

carbonates), organic molecules (proteins [e.g. albumin, globulin], glycoproteins [e.g. 

lubricin], glycosamins [e.g. hyaluronic acid], lipids, proteinases, and collagenases among 

others) and cells [67]. This corrosion system is clearly complex and, not surprisingly, still 

only partially understood.

4.1 Electrochemical reactions of CoCrMo alloys

CoCrMo surfaces can experience four different corrosion conditions: immunity, active metal 

dissolution, passivity and transpassive metal dissolution. Passivity is the most common 

situation under the operating conditions of the alloy in the human body (analysis of 

retrievals showed there is an oxide film on the explants [68]). It is defined as the 

electrochemical situation where the formation of a 2–10 nm thin oxide film takes place. The 

latter is essentially composed of Cr2O3 [69], since Co usually actively dissolves in body 

fluids. Such oxide film reduces the dissolution rate of the metal by acting as a physical 

barrier limiting the transport of electrons, cations and anions between the metal and the 
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electrolyte and reducing the kinetics of the anodic and cathodic reactions underlying the 

corrosion process. The thickness of the passive film on CoCrMo alloys and its composition 

changes with potential [69–71]. Typically, above 0 VSHE (SHE: standard hydrogen 

electrode) the film thickness rapidly increases with potential at a rate of approximately 

10nm/V [61]. Under heavily oxidizing conditions, the trivalent chromium oxide, the main 

constituent of passive films on CoCrMo alloys, may become unstable and dissolve in form 

of soluble Cr6+ [69–71]. The passivity is lost and the metal is in the so-called transpassive 

state.

The electrode potential defines the corrosion conditions of the metal as indicated in Figure 4. 

The graph is based on thermodynamic data of the main constituents of CoCrMo alloy [72].

The electrode potential spontaneously reached by a metal in an electrolyte (the so-called 

‘open circuit potential’ or OCP) is a non-equilibrium potential that depends on the kinetics 

of both the metal oxidation and the reduction of the oxidant. The electrode potential is 

difficult to predict and requires experimental determination for each specific corrosion 

system. Recently, open circuit potentials of a low-carbon CoCrMo alloy measured in-vivo in 

synovial fluids extracted from a cohort of patients have been reported between 0.1 to 0.3 

VSHE [73] with most patients exhibiting a potential very close to 0.15 VSHE. Thus, CoCrMo 

implants are expected to undergo active dissolution of Co, transpassive dissolution of Mo 

and passivation by Cr. It should be noted, however, that transpassive conditions can be 

reached also for Cr in case of high potentials. Corrosion rates varying from 50 to 750 mg 

dm−2 i.e. linear corrosion rates from 0.6 to 10 μm/year, were reported by Igual Munoz et al. 

[73]. These corrosion rates may impact periprosthetic tissue contamination by metal ions 

since they are in the same range as those reported for in-vivo wear rates (see section 3).

4.2 Electrochemical reactions of the environment

Typical oxidizing species in body fluids or simulated body fluids are dissolved oxygen and 

water. However, there are also intermediate oxygen species (i.e. free radicals, peroxides) in 

those reduction reactions that can dramatically modify the behaviour of the metal in the 

synovial fluid. These intermediates may also have effects on the biological system, like for 

example inducing oxidative stress in cells [74]. Corrosion itself can stimulate reactive 

oxygen species (ROS) production as intermediate products and trigger further oxidative 

response from cells [75]. Cells are known to produce ROS such as hydrogen peroxide [75] 

as a consequence of inflammation or mechanical stress. Protein-like molecules can also act 

as oxidizer through the reduction of their disulphide bonds [76]. The ionic salts in principle 

do not directly participate in reduction reactions but can weaken passive films and thus 

promote metal oxidation [77]. The nature and properties of the oxidant determines the 

electrode potential thus affecting the surface chemistry and electrochemical response of the 

alloy.

4.3 Adsorption of organic molecules

The presence of adsorbed species at the metal-liquid interface may influence 

electrochemical processes involved in corrosion in many ways. By binding metal ions 

(organometallic complexes formation) and transporting them away from the solution/
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biomaterial interface, organic molecules such as proteins can enhance corrosion [71]. 

Albumin adsorbed on CoCrMo alloys inhibits oxygen reduction [78] while at the same time 

increases passive film dissolution [79]. Protein surface interactions with Molybdenum ions 

have been reported as crucial factors affecting the transpassive behaviour of CoCrMo alloys 

[80, 81]. Protein adsorption is a complex process in which the prevailing electrochemical 

conditions, the structure of proteins, the ionic strength and the pH of the solution, and metal 

surface properties influence the affinity of the protein for a given interface [82]. Albumin 

adsorption, for example, is known to be dependent on the potential of the metal [79]. 

Although the reactivity of organic molecules in contacts can hardly be predicted at present, it 

can play a relevant role in the overall corrosion and wear process. Further experimental 

investigations coupled with Molecular Dynamic simulations may shed in future additional 

light on these reactions.

4.4 Tribocorrosion

Finally, electrochemical behaviour is crucial in the presence of tribological and/or 

mechanical stress, such as sliding wear, fretting wear, and fatigue loading. Recently, based 

on a meta analysis of published CoCrMo wear studies [6], it has been shown that the 

variability of CoCrMo wear in various electrolytes and tribocontacts can be explained by 

using the electrode potential as key factor. Wear rates were found to undergo a transition 

from low to high wear rates at approximately 0 VSHE [6]. This potential corresponds 

approximately to the threshold for the onset of passive film thickening [69] as discussed in 

4.1. This is a clear indication that wear-accelerated corrosion due to repeated depassivation 

and repassivation of worn areas contributes significantly, together with mechanical removal 

of metal particles, to the overall degradation of CoCrMo alloys in aqueous solutions. In a 

tribocorrosion contact the mechanically-induced depassivation of the worn areas typically 

shifts the electrode potential towards lower values through a galvanic coupling mechanism 

[83]. For example, Yu Yan and colleagues measured a drop of up to 0.3 V during the motion 

in a hip joint simulator [84], compared to the overall potential under static conditions. Note 

that locally, in particular in depassivated areas, the electrode potential can drop much more 

during rubbing [83]. The mechanically-induced potential decay can be described through 

tribo-electrochemical models [83] by taking the kinetics of the cathodic reaction and the 

ratio of the depassivated (worn) and still passive (unworn) areas into account. The model has 

been successfully applied to different alloys and conditions [85].

5 Tribomaterial in Metal/Metal implant contacts

Several studies in the literature have reported about the formation of tribomaterial in MoM 

hip joints tested in-vivo and in-vitro. Table 1 summarizes published results, in chronological 

order, on surface transformation occurring on CoCrMo alloys.

In-vitro studies [86, 87, 89, 94, 48] consistently report the build-up of carbonaceous layers 

while in-vivo results mention a variety of surface films ranging from thick oxide films to 

organic or even graphitic layers [9, 92]. This is not surprising since in-vitro studies are 

executed in a well-defined environment (e.g. calf serum) while the nature of the in-vivo 

environment is subject to variability and patient-specific. This has been confirmed by a 
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recent investigation showing significant differences in the electrochemical behaviour of a 

LC-CoCrMo alloy in synovial fluids extracted from different patients [73]. The most 

detailed chemical analysis of the layer was carried out by Wimmer et al. [9] using XPS, a 

technique that combines high depth resolution (1 nm) and the possibility to obtain 

quantitative information on the elements and their chemical states. In this study, a thick 

oxide film containing organic matter and salts was identified. Other studies [86–89, 94] 

made use of EDS analysis, which is efficient in detecting elements, but it suffers of 

shortcomings in the quantification of light elements such as C and O. Indeed, no author 

provided any atomic composition of the layer. However, their qualitative results are all 

consistent with the XPS analysis published by Wimmer et al. [9]. In one case, EELS was 

used to identify the presence of the graphitic layer [92].

TEM is the preferred technique for characterizing metallurgical transformation of the 

surfaces. The build-up of a near surface nano-crystalline layer and strain accumulation in the 

metal underneath has been generally observed in-vivo and in vitro. TEM results reach a 

certain consensus on the thickness (30–200 nm) and structure (grain size between 15–40 

nm) of this nano-cystalline layer [52, 9, 86–88, 90–93]. Note, however, that one of these 

studies reported that the nano-crystalline layer could be only observed locally on retrieved 

implant surfaces [93]. Obviously the loading history of any specific small spot within the 

contact area that is analysed by high-resolution techniques must be known. The extreme 

localization of tribological events at small wear rates [66, 95, 96] renders different 

appearances within very small geometrical scales.

The effect of pressure on wear particle characteristics has been investigated in-vitro by 

Pourzal et al. [91] using TEM coupled with EDS for chemical characterization. The authors 

reported that the nature and size of the particles depend on the contact pressure and on 

kinematics. The particles generated in heavily loaded (135 MPa contact pressure) 

reciprocating motion contacts [91] were found to be one order of magnitude larger than the 

30–80 nm wear particles found in simulators (30 MPa contact pressure) [91]. The particles 

can be metallic, partially or completely oxidised. The latter appeared to be generated by 

flaking of larger debris. It should be mentioned here that other groups mostly found oxidized 

wear particles from in-vitro and in-vivo analyses [32–34, 97–99]. Thus the knowledge about 

the generation sequence as well as the reaction kinetics still remains fragmentary.

6 Discussion

6.1 Origin of the surface reaction film

Analysing the published results on surface composition of MoM CoCrMo bearing surfaces, 

one can identify three cases with specific features of the tribofilm (Figure 5). The first case 

is characterised by the presence of thick oxide layers (up to 100 nm on the metal surface). 

The second case involves the formation of relatively thick organic matter directly on the 

oxide-free metal surface. The third situation is characterized by the formation of a relatively 

thin oxide layer (5–10 nm) formed on the metal surface and covered by an organic layer of 

approximately 50 nm thickness. The organic layers are attributed to protein decomposition 

caused by the high contact pressure and temperature between contact spots [9]. In the 
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following the origin of these features will be discussed based on the current knowledge in 

metallurgy, corrosion and wear of this alloy system.

Case 1: oxide surface reaction layer—Wimmer et al. [9] analysed 42 retrieved 

McKee-Farrar hip prosthesis, over 80% of the heads and cups presented layers of varying 

thicknesses on the articulating surfaces. XPS depth profiles were carried out by these authors 

on the non-contacting and the contacting areas. On the non-contacting areas one can see a 

typical passive surface structure consisting of an external carbon contamination layer and an 

oxide film (passive film) covering the metal substrate. The layer composition and thickness 

(5–10 nm) correspond well with already reported results of passive films on CoCrMo in 

simulated body fluids [69, 70, 80]. The articulating surface showed a very different surface 

composition. The same carbon contamination was present but the oxide film was thicker (ca 

100 nm) and contains carbon, nitrogen, phosphorous, calcium and chromium. At half 

thickness, the composition of the oxide film as extracted from the depth profiles was 55 at.% 

O, 3 at.% of N, 9 at.% of Ca, 7 at.% of P, 8 at.% of C and 19 at.% Cr. The oxidation state of 

the elements was determined from the XPS peak position: N was related to organic 

compounds, Cr and Ca were related to an oxidized state, and phosphorous to phosphates. 

The C signal presented characteristic peaks of typical bond found in organics such as C-C, 

C-H, C-O and C-N. Therefore, this composition most likely corresponded to a mixture of 

organic compounds as well as calcium phosphate and chromium oxide.

The build up of such a thick passive film is not compatible with classical metal oxidation 

mechanisms, involving high field conduction or diffusion of ions through the growing oxide 

film. First, high field conduction requires electrical fields across the oxide film of typically 1 

V/nm i.e. unrealistic implant electrode potential of 100 V. Solid state diffusion at the low 

temperature characterizing the human body is too slow to enable the formation of thick 

oxide film: for comparison oxidation of a CoCrMo alloy at 300 ºC over several days yielded 

oxide film thicknesses of 30 nm only [100]. Instead, other mechanisms such as cracking of 

the oxide film under the frictional stress field followed by oxide regrowth at crack tips and, 

depending on shear stress amplitude, mechanical mixing with species such as phosphates, 

calcium and organic molecules adsorbing or depositing on the oxide surface may take place. 

Note that from the electrochemical point of view, this mechanism implies electrode 

potentials of the rubbing surfaces above the passive potential of the metal (−0.8 VSHE for 

chromium).

Another mechanism, based on the third body approach [63], consists in the following 

sequence: detachment of metal particles followed by their oxidation while suspended in 

water, adsorption of organic species on the particles, particle agglomeration and 

sedimentation, as well as possible compaction during tribological contact. If this mechanism 

was acting, one would expect to find partially oxidized metallic particles in the tribofilm. 

This was however not confirmed by the XPS analysis [9] that could not detect alloy elements 

in their metallic state within the tribofilm.

Possibly, a combination of both mechanisms takes place. The relative influence of each 

mechanism depends on the prevailing chemical and mechanical conditions.
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Case 2: organic surface reaction layer—A pure organic film was found [90] on a 

sample from the same set of retrievals analysed in the previous case [9]. The chemical 

composition of the organic layer consists of C, O and N and results from deposition of 

proteins. The absence of a passive film at the interface between the organic tribofilm and the 

bulk metal was noticeable and from the electrochemical point of view, this indicates that the 

electrode potential of the concerned metal surface lies below the passivation potential (−0.8 

VSHE for chromium). Recent results by Igual et al [78] showed that albumin deposition is 

activated by the production of hydrogen through cathodic water reduction occurring at 

potentials below −0.8 VSHE. This activation leads to a steady growth of the deposit protein 

layer up to thicknesses above five monolayers at the rate of 3 nm/minute. However, on the 

other hand, deposition of albumin at passive potentials (above −0.8 VSHE for chromium) 

leads only to a maximum of one monolayer coverage [79].

Those low cathodic potentials can be reached in implants when tribocorrosion contacts cause 

a galvanic coupling between the passive areas and the mechanically depassivated zones. 

Several authors have reported cathodic potential values while rubbing in different passive 

materials such as CoCrMo, Stainless steels or Titanium alloys [83, 85]. For example, Vieira 

et al. [83] estimated a cathodic potential as low as −1.5 VSHE in the contact area of an 

aluminium alloy rubbing against an alumina ball in NaCl.

Case 3: bilayer surface reaction layer—This situation was encountered in a MoM hip 

joint tested in a simulator [84]. It consists in an inner oxide film of 5–10 nm covered by an 

outer Carbon-rich layer of thickness of 15–20 nm. This feature is consistent with an alloy in 

its passive state and covered by organic molecules. Such situation was throughout 

investigated by Valero et al. [79], who found that adsorption of albumin increases with the 

applied passive potential with a maximum coverage of one monolayer for a protein 

concentration of 0.5 g/L. However fluid protein concentration is larger in the body and 

therefore thicker organic deposits are expected. In the transpassive potential, protein 

adsorption on an oxide film was also observed [79]. At this transpassive potential, the 

dissolution of Mo(VI) ions may additionally promote protein deposition [81]. Although the 

bilayer tribofilm is compatible with both a passive and transpassive state of the alloy, 

transpassive potentials require the presence of strong oxidising agents. Those oxidising 

agents can be present in the synovial fluid due to inflammatory cell processes in the 

surrounding tissues [101] or can be in principle be generated locally at contact spots 

undergoing high temperatures. In the former case, based on mechanisms proposed by Martin 

et al. [81], one would expect a reaction film that covers the whole surface, while in the latter 

case, the tribofilm would form in the localized contact zone only.

6.2 Wear mechanisms

The work of Pourzal et al. [90, 91] on wear particles clearly points out to the relevance of 

subsurface transformations including the formation of nano-crystalline layers and ε-

martensite. Indeed, the nature of the particles was intimately related to the one of the 

transformed near-surface zone. This zone is schematically described in Figure 6, where the 

near-surface zone is divided in an outermost nano-crystalline layer and a subjacent highly 

strained layer containing twins and ε-martensite [93].
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At low contact pressures (i.e. few tens of MPa) wear debris is generated either by 

detachment of single grains from the nano-crystalline layer (nano-wear mechanism [3]), or 

by cracking within the nano-crystalline layer (release of clusters of nano-grains). As the 

contact pressure becomes larger, the stress field reaches deeper into the subsurface causing 

failure within the strained layer. This leads to the release of larger wear particles. The model 

matches the findings of Pourzal et al. [91] who found at high loads (non-conformal 

tribometer contact) larger wear particles (30–80 nm) with martensitic structure, while at 

lower loads (conformal hip joint simulator contact) there were only smaller particles (5–15 

nm).

Clearly, the locally supported load plays a crucial role in determining the wear mechanisms. 

In a sense the presence of surface reaction layers lowers the stress field acting on the near-

surface zone of the metal by bearing part of the load. This would favour the emission of 

smaller wear particles and thus a less severe wear mechanism, so-called ultra-mild wear. 

Therefore, the generation of this surface reaction layer would constitute a way to minimize 

wear of MoM hip implants. On the other hand, the influence of this surface reaction layer on 

the corrosion response of the formed material is still unknown because of the scarce number 

of publications dedicated to this issue. Indeed, only two authors [56, 103] have studied the 

effect of the tribofilm on the electrochemical behaviour of implants and still no clear 

conclusions can be drawn. However, as a prerequisite for the intentional use of tribofilms in 

hip bearings, a better understanding of the conditions under which such layers form is 

needed. In particular, this work highlights that the electrochemical conditions are a 

determining factor in controlling the nature of surface reactions. Since the electrochemical 

response of the implant is dependent on synovial fluid chemistry as well as on the local 

mechanical conditions, a better understanding about their influence on metallic implant 

material degradation is needed.

7 Conclusions

The analysis of existing literature in metallic implant material degradation performed in this 

paper has revealed the following:

- Several analytical techniques have been utilized in studies that reported surface 

transformations in MoM contacts. These studies provided detailed pictures of 

chemical, mechanical and/or metallurgical phenomena. However, these observations 

were never applied in combination and therefore available results in literature give 

only fragmented information.

- Based on the information found in the literature, three distinct tribomaterial 

structures can be described: metal surface covered by thick oxide film, metal surface 

covered by organic layer without intermediate oxide film, and finally metal surface 

covered by a thin oxide film with a superimposed organic layer. The near surface 

zone of the metal typically presents a nanocrystalline structure.

- By taking the prevailing loading and the electrochemical conditions in the contact 

into account, mechanisms leading to tribomaterial formation and wear particle 

generation can be rationalised.
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As a general conclusion, this study has shown that the existing theoretical concepts can be 

successfully applied to gain better insight into the behavior of MoM wear. In future work, 

these concepts need to be validated by dedicated in-vivo or in-vitro experiments conducted 

under well-defined electrochemical and mechanical conditions, accompanied by a 

comprehensive chemical and metallurgical pre- and post-wear characterization of the 

samples.
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Figure 1. 
Typical morphology of a McKee-Farrar Hip Joint explant [35]
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Figure 2. 
TEM-Figure of the Strain Gradient characterized by increasing Density of Lattice defects 

becoming Domains towards the Worn Surface (Wrought HCCoCrMo, FIB-Cut by P. Zeng. 

M. Rainforth, Sheffield University, UK) [56]

Espallargas et al. Page 19

Biotribology (Oxf). Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
TEM-micrographs and AFM-Scan of Mechanically Mixed Nanostructured Composite of 

Residues from Denatured Proteins and Nanometer-Size Wear Particles [56] (AFM-Scan by 

S. Vasnyov, S. Speller, Radboud University, Nijmegen, The Netherlands)
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Figure 4. 
Theoretical potential ranges for immunity (i), active dissolution (a), passivity (p) and 

transpassivity (t) of Co, Cr and Mo taken from Pourbaix diagrams at pH 7.4 [72].
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Figure 5. 
Schematic view of the three cases of surface reaction film reported in literature.

Espallargas et al. Page 22

Biotribology (Oxf). Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Scheme showing the possible mechanism of wear particle generation. Adapted from ASTM 

[102].
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Table 1

Synopsys on published data concerning surface transformations and tribomaterial generation in MoM.

Ref Test conditions, environment Contacting materials and pressure Observations
SRF = Surface reaction films, MT = Metallurgical 
transformations, PA = Particle analysis

[86] In-vitro, Calf serum Selfmated ISO 5832–12 wrought 
CoCrMo

SRF: Elements detected by EDS C, Na, Cl, K, Cr, Co, 
Mo, N, O, P, Ca.

[9] In-vivo Selfmated ASTMF75 CoCrMo SRF: Thick oxide film by XPS as opposed to the thin 
passive film observed in the non contact zone.

[87] In-vitro, Bovine serum Selfmated ASTM F1537 CoCrMo SRF: EDS-TEM shows C rich layer covering both the 
contact and non-contact zone.
MT: In the non-contact zone: Nanocrystalline layer of 
100–150 nm thickness and grain size <15 nm. Below 
the nanocyrstalline layer ε-martensite was observed. In 
the contact zone a nanocrystalline layer of 200 nm 
thickness and grain size 35–40 nm.

[88] In-vivo Selfmated ASTMF1537 CoCrMo (Hip 
resurfacing)

SRF: EDS-TEM shows carbonaceous layer in the 
contact zone
MT: Polishing wear area: Nanocrystalline layer 250–
400 nm thickness, grain size 25–50 nm. Scratched 
area: Nanocrystalline layer 100–150 nm thickness, 
grain size 15–35 nm. Below the nanocyrstalline layer 
ε-martensite

[89] In-vitro (simulator), Bovine 
Serum

Selfmated ASTMF1537 CoCrMo SRF: EDS-TEM shows 50 nm carbonaceous layer 
with some mechanical mixing with the alloy
MT: Similar pattern as in-vivo see previous reference 
[80]

[90] In-vivo Low Carbon ASTM F75 SRF: XPS shows 120 nm carbonaceous layer direct on 
the metal without intermediate oxide film. In the 
contact zone and a passive film with adventitious C

[91] In-vitro (lab test), Calf serum Selfmated HC wrought CoCrMo, 135 
MPa

MT: Nano-crystalline subsurface zone prior and after 
test
PA: Non oxidized metal particles of 300–800 nm 
length and 100–300 nm width with HCP ε-martensite 
structure.

[91] In-vitro (hip simulator), Calf 
serum

Selfmated HC wrought CoCrMo, 30 
MPa

PA: Oxidized CoCr particles of 30–80 nm size of two 
types (I: amorphous containing O, Co, Cr and Mo, II: 
crystalline containing only Cr and O). Smaller (5–15 
nm) Cr2O3. particles, type III, were found flaking of 
from type II

[92] In-vivo Selfmated CoCrMo (Hip resurfacing) SRF: Graphitic material layer observed by EELS

[93] In-vivo Selfmated forged HC-CoCrMo (Hip 
resurfacing)

SRF: High wear region locally 10 nm thick 
carbonaceous layer
MT: Two contact regions: low wear region with 70–
150 nm nano-crystalline layer and high wear region 
with 30nm nano-crystalline layer only locally formed.

[94] In-vitro (hip simulator), Bovine 
Serum

Selfmated CoCrMo SRF: EDS shows a 50 nm C layer on a 5–10 nm 
chromium oxide

[48] In vitro (Pin-on-disc), Bovine 
Serum

HC-CoCrMo vs. Alumina SRF: EELS shows 0 to 500 nm thick carbonaceous 
layer
MT: Nanocrystalline layer of 0 to 600 nm thickness
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