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THE EVOLUTION OF SUBSURFACE MICRO-STRUCTURE AND TRIBO-CHEMICAL PROCESSES IN 

CoCrMo-Ti6Al4V FRETTING-CORROSION CONTACTS: WHAT LIES AT AND BELOW THE SURFACE?  

Abstract 

Titanium and its alloys are attractive biomaterials because of their desirable corrosion, mechanical, 

biocompatibility and osseointegration properties. Ti6Al4V alloy in particular remains a prominent 

biomaterial used in Total Hip Arthroplasty (THA). Recently, researchers have shown interest in 

understanding the degradation mechanisms and the subsurface implications of fretting-corrosion at 

the modular taper interface in THA. The purpose of this study was to utilise advanced microscopy and 

spectroscopy to characterise in-vitro fretting-corrosion induced subsurface refinement and 

microstructural changes in Ti6Al4V alloy. In-vitro fretting-corrosion tests were carried at four 

ĚŝƐƉůĂĐĞŵĞŶƚ͗ цϭϬ͕ цϮϱ͕ цϱϬ ĂŶĚ цϭϱϬ ʅŵ ĨŽƌ Ă CŽCƌMŽ ʹ Ti6Al4V ball-on-flat material couple. 

Subsequently, high resolution micrographs of the alloy microstructure were obtained using the 

Transmission Electron Microscope (TEM) together with Energy Dispersed X-Ray spectroscopy (EDX). 

The degree of subsurface microstructural changes was observed to be linked to the slip regime and 

magnitude of energy dissipated at the interface. Strain-induced orientation were observed at the stick 

regime. The mixed and gross-slip regimes were both characterised with mechanical mixing and 

formation of nano-crystalline structures. Specific to the mixed fretting regime, fluid ingression and 

material entrapment at the interface led to further refinement of nano-crystalline structures which 

resulted in the formation of an amorphous Ti6Al4V structure. The interwoven relationship between 

energy dissipation, contact condition and mechanisms of clinical failure in Ti6Al4V alloy are discussed.  

Keywords: Ti6Al4V, CoCrMo, Fretting regimes, Strain-induced orientation, Mechanical mixing, Nano-

crystalline, Amorphous Ti6Al4V 

1. Introduction 

Modular taper interfaces are ubiquitous in modern THA. Ti6Al4V-CoCrMo alloy combinations are 

common at the head ʹ neck and/or neck ʹ stem taper interfaces. Despite the alloys being known for 

its good corrosion resistance, micro-motions at these interfaces result in the disruption of the 

protective oxide layer leading to accelerated corrosion and degradation at the interface [1-6]. This is 

technically known as fretting-corrosion and remains a relevant topic of discussion today. The 

mechanisms of fretting-corrosion, the combined action of mechanical wear and electrochemical 

processes in a conductive aqueous environment, were established in the early 1950s by Uhlig et al [7]. 

Within the area of biomaterials, fretting-corrosion damage in THA is sometimes known as 

Mechanically Assisted Crevice Corrosion (MACC) [8]. The mechanism broadly unifies the influence of 



fretting, localised corrosion, local changes in chemistry of the physiological solution at the modular 

taper interface. Fretting-corrosion is a multifactorial problem that is influenced by patient factors (i.e. 

weight, biomechanics); surgical factors such as assembly force, component mismatch and implant 

factors such as material combinations and taper design [9-14]. 

The combination of CoCrMo femoral heads with Ti-alloy femoral stems via a modular taper connection 

is common practice in orthopaedics. The superior biocompatibility and lower elastic modulus (closer 

to bone) of Ti-alloys and enhanced wear resistance of the CoCrMo alloy drives the use of these 

materials for their respective applications. Ti-alloys have been implicated in several fretting and 

corrosion degradation mechanisms observed on modular THA. These include gross wear, imprinting, 

ŵĂƚĞƌŝĂů ƚƌĂŶƐĨĞƌ͕ ƐĞůĞĐƚŝǀĞ ĚŝƐƐŽůƵƚŝŽŶ ŽĨ ƚŚĞ ɴ-phase, the promotion of degradation of the CoCrMo 

surface and hydrogen embrittlement [15-19]. In other more severe cases, components made from 

Ti6Al4V experienced in vivo fracture [20-22]. Moreover when used in a metal on metal total hip 

replacement scenario, unacceptably high revisions rates have been observed due to adverse reactions 

to metal debris (ARMD) owing to degradation at the modular CoCrMo-Ti-alloy modular taper 

interfaces [23]. In such cases the CoCrMo alloy unexpectedly shows more degradation than the ͚ ƐŽĨƚĞƌ͛ 

titanium counter-face and has been attributed to a fretting fatigue or tribocorrosion mechanism. 

Similar observations have also been seen for bi-modular hip implant systems [24].  

Fretting-corrosion at mixed-metal interfaces and the roles of dynamic and time dependent subsurface 

microstructural changes are not fully understood. This is further complicated by the nature of the 

modular taper interface where the contact mechanics and degradation mechanism will vary spatially 

owing to their geometry and biomechanical loading [24]. It is therefore important to understand the 

metallurgical effects of specific contact conditions on a biomaterial during in-vivo fretting. So far, there 

are only two studies that have employed the use of advanced microscopy techniques such as the 

Transmission Electron Microscope (TEM) to characterise fretting-induced subsurface refinement and 

microstructural al changes in retrieved CoCrMo alloy and TMZF modular taper components [24, 25]. 

The purpose of this study was to understand the link between fretting-corrosion regime and evolution 

of the subsurface microstructure and tribochemical processes occurring at the interface via controlled 

experimentation. To achieve this, advanced microscopy, spectroscopy and nano-mechanical 

techniques have been employed to examine the surfaces from the nanometre scale to the macro-

scale. The observations presented in this study provide further insight into the clinical observations 

and current engineering debate: why softer Ti alloys results in higher degradation of the harder 

CoCrMo alloys. 

2. Materials and Methodology 



2.1. Materials 

A ball-on-flat configuration was utilised in this study to achieve an initial Hertzian point contact for a 

CoCrMo ʹ  Ti6Al4V material combination. The ball component was a wrought low-carbon Co-28Cr-6Mo 

(CoCrMo) while the flat component was made of wrought Extra Low Interstitial (ELI) Ti6Al4V alloy. The 

CoCrMo alloy was a polished ø28 mm femoral head component with surface roughness (Ra ) < 10 nm. 

Subsequently, the Ti6Al4V flats were ground using silicon carbide grinding paper and polished using a 

ϯ ʅŵ ĚŝĂŵŽŶĚ ƉĂƐƚĞ ĚŽǁŶ ƚŽ ‘a < 20 nm. Both CoCrMo and Ti6Al4V alloys were manufactured 

according to ASTM F 1537-11 and ASTM F 136-13, respectively, and were both supplied by Peter 

Brehm, Germany. All tests were conducted in 25 % volume Foetal Bovine Serum (FBS, SeraLab, USA) 

diluted with Phosphate Buffered Saline (PBS) and 0.03% volume Sodium Azide (SA) was added to 

retard bacteria growth. 

2.2. Fretting-corrosion simulation 

Fig 1 shows an image and schematic of the experimental set-up. Further details on the tribometer are 

presented in a previous study [1]. The image shows a delrin bath in which 12 mL of simulated 

physiological solution was placed. The temperature was kept at 37±2 °C using thermostatically 

controlled hot water circulation within the delrin bath as shown in Fig 1. A 3-electrode electrochemical 

cell was integrated into the fretting tribometer consisting of the tribo-couple as the working electrode 

(WE) and a combination Ag/AgCl reference electrode (RE) and Pt counter electrode (CE) (ORP Redox, 

Orion 9179, Thermoscientific, USA). The open circuit potential (OCP) was measured as a semi-

quantitative indication of corrosion at the interface, with a decrease in OCP at the start of sliding 

indicative of de-passivation processes. The OCP was measured at a frequency of 1 Hz using a 

PGSTAT101 (Autolab, NV) 

 

 

(a) (b) 

Fig 1 - a) An image of the fretting corrosion set-up and b) schematic representation of the fretting-

tribometer used in this study. 



FŽƵƌ ĨƌĞƚƚŝŶŐ ĚŝƐƉůĂĐĞŵĞŶƚ ĂŵƉůŝƚƵĚĞƐ ;ɷdͿ ǁĞƌĞ ĂƐƐĞƐƐĞĚ͗ цϭϬ͕ цϮϱ͕ цϱϬ ĂŶĚ цϭϱϬ ʅŵ͘ TŚĞƐĞ ǁĞƌĞ 

chosen with the aim of assessing systematic subsurface refinement and microstructural al changes in 

Ti6Al4V at various fretting regimes. An initial maximum Hertzian contact pressure of 1 GPa (Fn = 120N)  

was used for all fretting tests in this study and each fretting test lasted 6000 cycles at a frequency of 

1 Hz. High contact pressures are conceivable at these interfaces particularly at the neck ʹ stem 

modular taper and during severe loading conditions such as stumbling [13, 26]. The criteria as given 

by Fouvry et al [27, 28] was used to characterise the nature of slip at the fretting-corrosion interfaces. 

After fretting-corrosion surfaces were removed from the test, lightly rinsed with de-ionised water to 

remove any loose debris and dried under an N2 stream. 

2.3. Vertical Scanning Interferometry (VSI) 

The total material lost from the fretting contact of the ball and flat components was measured using 

a NPFLEX interferometer (Bruker, USA). Surfaces were scanned, corrected for curvature or Sphericity 

(in the case of the CoCrMo ball) and the volumes losses / gains determined using the Vision64 software 

(Bruker, USA). Fig 2 shows a schematic of the surface evaluation using VSI analysis. Negative (V-) and 

positive (V+) volume losses were determined about a reference zero-axis determined from areas not 

subjected to tribocorrosion.  

 

Fig 2 ʹ Schematic representation of the determination of wear from the CoCrMo ball and Ti6Al4V 

surface after fretting corrosion where Vb
- and Vp

- are volume losses for the ball and plate, respectively.  

Vb
+ and Vp

+ represent volume gains for the ball and plate, respectively.  

2.4. Transmission Electron Microscopy (TEM) 

The subsurface refinement and microstructural changes of the Ti6Al4V alloy were characterised using 

TEM to obtain high resolution micrographs. The samples were prepared using the FEI Nova200 FIBSEM 

equipped with a Kleindiek micro-manipulator Focused Ion Beam (FIB). This was done following an 

established method outlined in a previous study by Bryant et al [29]. The region of interest of the 

Ti6Al4V surface was protected from ion-beam damage by coating with two layers of Platinum (Pt).  Fig 

3 shows a schematic diagram of a typical wear scar for three fretting regimes and illustrates the 



composite contact conditions that typically exists at a fretting interface. A benefit of the ball-on-flat 

contact is that defined slip regimes can be easily identifiable. It is expected that the extent of 

microstructural variations incurred within the alloy would be site specific. TEM samples were obtained 

from a consistent region for all samples i.e. from an annulus nearer to the edge of the contact 

boundary as depicted in Fig 3. In all cases the TEM samples removed were orthogonal to the direction 

of the fretting axis. A TEM sample not subjected to fretting-corrosion was obtained from polished 

Ti6Al4V surface and taken as a reference microstructure.  TEM samples were analysed using a FEI 

Tecnai F20 FEGTEM (200 kV) fitted with a Gatan Orius SC600 CCD camera running GMS1 software and 

an Oxford Instruments 80 mm2 EDS SDD running AZtec software.  Bright-field, dark-field and Selected 

Area Electron Diffraction (SAED) patterns were all captured using the digital camera, and scanning 

TEM (STEM)-EDX mapping was carried out while imaging in high angle annular dark field (HAADF) 

mode at magnifications of 7000 and 28000 X.  An approximately 10 nm probe was used, and maps 

were collected for approximately 10 minutes. The contrast between bright and dark regions in the 

TEM micrograph are indicative of different crystal orientations. 

 

Fig 3 - A schematic diagram of fretting wear scars corresponding to different fretting regimes. 

3. Results 

3.1. Open circuit potential 

Fig 4a shows the evolution of OCP observed for CoCrMo ʹ Ti6Al4V couples at the displacements 

studied. Prior to the start of fretting, a gradual ennoblement of the OCP was observed.  At the start of 

fretting a cathodic shift in OCP was observed. The magnitude of the maximum cathodic shift in OCP 

was dependent on the fretting amplitude applied to the interfaces (Fig 4b). FŽƌ ɷa = 10 and 25 µm, the 

OCP was seen to gradually increase with time during the application of fretting. After fretting, the OCP 

ǁĂƐ ŵŽŶŝƚŽƌĞĚ ĨŽƌ Ă ĨƵƌƚŚĞƌ ϭϬϬϬ ƐĞĐŽŶĚƐ͘ IŶ ƚŚĞ ĐĂƐĞ ŽĨ ɷa = 10 and 25 µm, the OCP was similar to 

initial values of OCP observed (~ -0.1 V). For tribo-ĐŽƵƉůĞƐ ƐůŝĚ Ăƚ ɷa = 50 and 150 µm, a sudden decrease 

in OCP was observed at the onset of fretting indicating abrasion and depassivation of the metallic 



surfaces. The cathodic shift in OCP was sustained and seen to further decrease over the duration of 

the test until fretting was stopped. OCP was seen to enoble after fretting was ceased although did not 

recover to values observed at the start of the test (- 0.27 to -0.30 V); indicative of the enhanced 

localised corrosion at the interface. 

 

 

(a) (b) 

Fig 4 ʹ a) Evolution of OCP and b) maximum cathodic shift in OCP at the displacement amplitudes 

studied (results show mean ± standard error). 

3.2. Fretting-loops and Energy Dissipation  

Fig 5 shows the tangential force (Ft) vs displacement ;ɷͿ and evolution of cumulative dissipated energy 

(Ed) as a function of number of cycles for the CoCrMo-Ti6Al4V couple subjected to fretting-corrosion. 

UƉŽŶ ŝŶŝƚŝĂƚŝŽŶ ŽĨ ĨƌĞƚƚŝŶŐ ĚŝƐƉůĂĐĞŵĞŶƚƐ Ăƚ ɷa с цϭϬ ʅŵ ĂŶĚ цϮϱ ʅŵ͕ Ă ƐƚŝĐŬ ƌĞŐŝŵĞ ǁĂƐ ŽďƐĞƌǀĞĚ ǁŝƚŚ 

an increase in Ft ďĞŝŶŐ ŽďƐĞƌǀĞĚ Ăƚ ɷa с цϮϱ ʅŵ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ɷa с цϭϬ ʅŵ ;Fig 5a). The cumulative 

ĂŵŽƵŶƚ ŽĨ ĞŶĞƌŐǇ ĚŝƐƐŝƉĂƚĞĚ Ăƚ ƚŚĞ ĐŽŶƚĂĐƚ ĨŽƌ ďŽƚŚ ɷd с цϭϬ ʅŵ ĂŶĚ цϮϱ ʅŵ is also shown. A linear 

increase in the cumulative dissipated energy was observed for both displacements corresponding to 

ĂŶĚ ĞŶĞƌŐǇ ĚŝƐƐŝƉĂƚŝŽŶ ƌĂƚĞ ŽĨ ϯϬ ђJͬĐǇĐůĞ ĂŶĚ ϭϭϯ ђJͬĐǇĐůĞ Ăƚ ɷd с цϭϬ ʅŵ ĂŶĚ цϮϱ ʅŵ, respectively. 

A sliding to displacement ratio of  
ఋೞఋ = 0.029±0.002 and 0.068±0.004 was observed for contacts 

subjected to ɷd с цϭϬ ʅŵ ĂŶĚ цϮϱ ʅŵ ƌĞƐƉĞĐƚŝǀĞůǇ͘ TŚŝƐ ŝƐ ĨŝƌŵůǇ ŝŶ ƚŚĞ ƐƚŝĐŬ ƌĞŐŝŵĞ ĂƐ ŝĚĞŶƚŝĨŝĞĚ ďǇ 

Fouvry et al [37] and was seen to remain in the stick regime for the duration of the test.  

Fig 5b shows the different fretting loops observed at points during the test of a CoCrMo ʹ Ti6Al4V 

ĐŽŶƚĂĐƚ ƐƵďũĞĐƚĞĚ ƚŽ ɷd с цϱϬ ʅŵ͘ A ͚ŵŝǆĞĚ͛ ĨƌĞƚƚŝŶŐ ƌĞŐŝŵĞ characterised by the transient nature of 

slip at the interface was observed. A partial-slip regime was observed in the first ~ 600 cycles of fretting 

transitioning into a gross slip regime for the remainder of the test. A representation of the partial-slip 

fretting loop is shown at the 500th cycle. A period was observed at the 550th cycle whereby the partial-

ƐůŝƉ ƌĞŐŝŵĞ ĂĐĐŽŵŵŽĚĂƚĞĚ Ă ŚŝŐŚĞƌ ĚĞŐƌĞĞ ŽĨ ͚ĂĐƚƵĂů ŝŶƚĞƌĨĂĐŝĂů ƐůŝƉ͛ ƉƌŝŽƌ ƚŽ ƚƌĂŶƐŝƚŝŽŶ ŝŶƚŽ ƚŚĞ ĨƵůů 



gross slip regime.  The transition to gross slip was accompanied with a significant reduction of the 

tangential force as depicted by the fretting loop obtained at the 6000th cycle. The graph of cumulative 

energy is also shown in Fig 5b. The rate of cumulative energy dissipation as a function of cycles differs 

for the two regimes. A transition in the rate of change of dissipated energy was observed at 

approximately 600 cycles from 1120 µJ/cycle to 3820 µJ/cycle. This correlates with the observations 

made above. The energy dissipated per cycle at the gross slip regime was more than three times 

greater when compared to the partial-slip regime. Interestingly, a decrease in tangential force was 

observed in the gross-slip regime indicating that energy dissipation in the gross slip regime is slip 

ĚŽŵŝŶĂƚĞĚ͘  TŚĞ ƚƌĂŶƐŝƚŝŽŶ ŝŶ ƚŚĞ ĨƌĞƚƚŝŶŐ ƌĞŐŝŵĞ Ăƚ ɷd с цϱϬ ʅŵ ǁĂƐ ĨƵƌƚŚĞƌ ĐŽŶĨŝƌŵĞĚ ďǇ ƚŚĞ ƐůŝƉ ƌĂƚŝŽ 

criteria. Below 500 cycles,  
ఋೞఋ = 0.21 ± 0.11 indicating a partial-slip regime. After 550 cycles, 

ఋೞఋ = 

0.634±0.114 indicating transition into the gross-slip regime. 

Fig 5c ƐŚŽǁƐ ƚŚĞ ĨƌĞƚƚŝŶŐ ƌĞŐŝŵĞ Ăƚ ɷd с цϭϱϬ ʅŵ͘ A ŐƌŽƐƐ ƐůŝƉ ƌĞŐŝŵĞ ǁĂƐ ŽďƐĞƌǀĞĚ throughout the 

duration of the test. The cumulative dissipated energy graph (Fig 5c) shows constant energy 

dissipation per cycle throughout the duration of the test. An energy dissipation rate of 19060 µJ/cycle 

ǁĂƐ ŽďƐĞƌǀĞĚ ǁŚĞŶ ɷd с цϭϱϬ ʅŵ͘ TŚĞ ƐůŝĚŝŶŐ ʹ displacement ratio was seen to remain stable 

throughout the tests,   
ఋೞఋ = 0.85 ± 0.01 indicating a gross-slip regime. 

Ft ǀƐ ɷ Dissipated energy, Ed 
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(b) 

 

 

(c) 

Fig 5 ʹ Ft ǀƐ ɷ ĂŶĚ ĐƵŵƵůĂƚŝǀĞ ĚŝƐƐŝƉĂƚĞĚ ĞŶĞƌŐǇ ǀƐ ŶƵŵďĞƌ ŽĨ ĐǇĐůĞ ĨŽƌ CŽCƌMŽ-Ti6Al4V couples at a) 

10, 25 b) 50 and c) 150 µm 

3.3. Surface Topography and Material Loss 

The 3D and 2D surface profiles of the CoCrMo ʹ Ti6Al4V combination are shown in Fig 6a and 6b, 

ƌĞƐƉĞĐƚŝǀĞůǇ͘  Aƚ ɷa = ± 10 µm, no visible signs of material loss on the CoCrMo ball or Ti6Al4V flat could 

be ŽďƐĞƌǀĞĚ͘ Aƚ ɷa = ± 25 µm, a thin annulus at the edges of the contact area on the CoCrMo ball 

showed evidence of materials loss. The maximum material loss within the annulus was ~ 300 nm. 

Across the entire central partial-stick region, third-body materials generated from the contacting 

interface was observed. The Ti6Al4V flat showed no evidence of material loss although some material 

transfer was ŽďƐĞƌǀĞĚ͘ Aƚ ɷa = ± 50 µm, both surfaces showed evidence of material loss and 



redistribution of material within the contact area. Clear directionality in the resultant surface 

topography was observed.  Both surfaces demonstrated evidence of positive volume with a thickness 

up to 3 µm with reference to the original surface͘ Aƚ ɷa = ±150 µm mass loss from both surfaces was 

observed. The Ti6Al4V surface was mainly characterised with larger wear depths (maximum depth 

~11 µm) with no evidence of material build-up within the degraded area. Similar observations were 

made for the CoCrMo surfaces, although with some localisation of material build-up in the contact 

area. In general, the size of the wear contact surface for both ball and flat components Ăƚ ɷa = 10 ʹ 25 

µm was similar to the initial Hertzian contact width (2a = 500 µm). 

Fig 6c and 6d show the volumetric material loss (i.e. material below the datum) and material build-up 

(i.e. material above the datum) for the CoCrMo ball and Ti6Al4V plate, respectively. No measurable 

volume loss could be determined on the CoCrMo ball (Fig 6c) at ɷa = 10 µm and any surface deviations 

observed were in the order of the original surface roughness. An increase in material loss was seen 

with increasing displacement amplitudes from ɷa = 25 - 50 µm, with no further increase in volume 

losses at ɷa = 150 µm ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ɷa = 50 µm. Material build-up on the CoCrMo ball (Fig 6c) was 

seen to vary correlate with increasing displacement.  

Fig 6d shows the volumetric material losses and build-up for the Ti6Al4V plate. No measurable volume 

loss could be determined on the Ti6Al4V plate at ɷa = 10 µm and any surface deviations observed were 

in the order of the original surface roughness. FƌŽŵ ɷa = 25 - 150 µm, an increase in volume loss was 

observed with increasing displacement amplitude. Material build-ƵƉ ǁĂƐ ƐĞĞŶ ƚŽ ŝŶĐƌĞĂƐĞ ĨƌŽŵ ɷa = 

25 ʹ 50 µm little changes in material build-up were ŽďƐĞƌǀĞĚ Ăƚ ɷa = 150 µm when compared to the 

lower displacement amplitudes.  

 



 

(a) 

 

(b) 



 

(c) 

 

(d) 

Fig 6 ʹ  a) 3D and b) 2D surface profiles of CoCrMo and Ti6Al4V areas after fretting-corrosion measured 

using VSI. Fig 6c and 6d show the material volume loss and material gain on each surface. Note the y-

axis on Figs 6c and d are on a logarithmic scale. VŽůƵŵĞ ůŽƐƐĞƐ ǁĞƌĞ ŶŽƚ ŵĞĂƐƵƌĂďůĞ Ăƚ ɷa = ±10 µm 

3.4. Transmission electron microscopy  

Fig 7 shows the bright and dark-field TEM micrographs obtained from the Ti6Al4V disc after fretting 

corrosion. Fig 6a shows a TEM micrograph of the polished Ti6Al4V alloy in the absence of fretting and 

ĐŽƌƌŽƐŝŽŶ͘ A ŶĂƚƵƌĂůůǇ ŽĐĐƵƌƌŝŶŐ ƚŚŝŶ ƉƌŽƚĞĐƚŝǀĞ ŽǆŝĚĞ ůĂǇĞƌ ƚǇƉŝĐĂůůǇ ŬŶŽǁŶ ĂƐ ƚŚĞ ͞ƉĂƐƐŝǀĞ ůĂǇĞƌ͟ ǁĂƐ 
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visible from the bright-field image. Evidence of a nano-crystalline microstructure was observed within 

top 150 ʹ 200 nm of the alloy surface, directly beneath the passive layer. The red dashed-line in Fig 7a 

is drawn to distinguish the nano-crystalline structure above from the single-crystal structure beneath 

it. The single-crystal structure beneath is identifiable by its larger grain size relative to the smaller 

grain-sizes above the red dashed-line, identifiable using dark-field imaging. The bright and dark-field 

ŵŝĐƌŽŐƌĂƉŚƐ ŽĨ TŝϲAůϰV ĂĨƚĞƌ ĨƌĞƚƚŝŶŐ Ăƚ цϭϬ ʅŵ ĂƌĞ ƐŚŽǁŶ in Fig 6b. When compared to Fig 7a, 

evidence of strain-induced re-orientation of the subsurface was observed. A similar, but more 

profound pattern was ŽďƐĞƌǀĞĚ Ăƚ ɷd с цϮϱ ʅŵ ;Fig 7c).   

Fig 7d shows the bright and dark-field micrographs of the Ti6Al4V subsurface when subjected to 

fretting-ĐŽƌƌŽƐŝŽŶ Ăƚ ɷd с цϱϬ ʅŵ͘ WŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ůŽǁĞƌ ĚŝƐƉůĂĐĞŵĞŶƚƐ͕ ƐŝŐŶŝĨŝĐĂŶƚ ĐŚĂŶŐĞƐ ŝŶ ƚŚĞ 

sub/surface chemistry and crystallinity were observed. Directly beneath the two layers of protective 

Pt, a 2-ϯ ʅŵ ƚŚŝĐŬ ͚ŵĞĐŚĂŶŝĐĂůůǇ ŵŝǆĞĚ͛ ůĂǇĞƌ ǁĂƐ ŽďƐĞƌǀĞĚ͘ This consisted of a fine nano-crystalline 

structure consisting of particulates and amorphous materials.  Three distinct regions of this material 

ǁĂƐ ŽďƐĞƌǀĞĚ ĂĐƌŽƐƐ ƚŚĞ ŝŶƚĞƌĨĂĐĞ ;ďŽƵŶĚĂƌǇ͛Ɛ ŚŝŐŚůŝŐŚƚĞĚ ŝŶ ŽƌĂŶŐĞͿ͘ EǀŝĚĞŶĐĞ ŽĨ Ă ƉŽůǇ-crystalline 

Ti6Al4V microstructure was seen directly beneath the surface layer with a grain size similar to the 

reference surface. Material transitioning into the layer from the bulk Ti-alloy can be seen.  

From the micrographs shown in Fig 7e ;ɷd с ц ϭϱϬ ʅŵͿ, subsurface strain-induced refinement of the 

Ti6Al4V microstructure was observed when compared to the reference samples.  Evidence of cracking 

and mixing of organic species at and within the interface was visible.  

Bright feild Dark field 

  

(a) 



  

(b) 
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Fig 7 ʹ Sub-surface bright-field and dark-field TEM images for a) Reference polished Ti6Al4V surface 

and after being subjected to fretting-corrosion at b) 10 c) 25 d) 50 and e) 150 µm.  

Fig 8 shows the EDX and SAED analysis to further characterise the three different structures observed 

on TŝϲAůϰV ƐƵƌĨĂĐĞƐ ƐƵďũĞĐƚĞĚ ƚŽ ɷa = 50 µm (Fig 7d). Three different structures were seen; the fine 

ƉĂƌƚŝĐƵůĂƚĞ͕ ŵĞĐŚĂŶŝĐĂůůǇ ŵŝǆĞĚ ƐƚƌƵĐƚƵƌĞ ŝƐ ĚĞŶŽƚĞĚ ͚A͛͘ TŚĞ ŶŽŶ-particulate structure directly 

ďĞŶĞĂƚŚ ƐƚƌƵĐƚƵƌĞ A ŝƐ ĚĞŶŽƚĞĚ ͚B͛ ĂŶĚ ƚŚĞ ŶĂŶŽ-ĐƌǇƐƚĂůůŝŶĞ ƐƚƌƵĐƚƵƌĞ ďĞŶĞĂƚŚ ďŽƚŚ ƐƚƌƵĐƚƵƌĞƐ ͚A͛ ĂŶĚ 

͚B͛ ŝƐ ĚĞŶŽƚĞĚ ͚C͛͘ “AED ĐŽŶĨŝƌŵƐ ƚŚĞ ƐƚƌƵĐƚƵƌĞ ͚A͛ ƚŽ ďĞ ŶĂŶŽ-crystalline. Area ͚B͛ ĂƉƉĞĂƌƐ ƚŽ ďĞ 

ĂŵŽƌƉŚŽƵƐ ĂƐ ĞǀŝĚĞŶĐĞĚ ǁŝƚŚ ƚŚĞ ƐŚƌŽƵĚ ŽĨ ďƌŝŐŚƚ ƐƉŽƚƐ ĨŽƌŵŝŶŐ Ă ƌŝŶŐĞĚ ƉĂƚƚĞƌŶ͘ “ƚƌƵĐƚƵƌĞ ͚C͛ ŝƐ 

confirmed to be nano-crystalline Ti6Al4V material. EDX mapping of the cross-section shows that 

ƐƚƌƵĐƚƵƌĞ ͚A͛ ŝƐ Ă ŵĂƚĞƌŝĂů ƌŝĐŚ ŝŶ CŽ͕ Cƌ͕ Tŝ͕ MŽ͕ V͕ Aů͕ C O ĂŶĚ Ců ƐƵŐŐĞƐƚŝŶŐ ƚŚĞ ŵĂƚĞƌŝĂů ŝƐ ĐŽŵƉůĞǆ 



mixture of tribo-chemically mixed materials originating from the CoCrMo, Ti6Al4V and lubricant. The 

ŵĂƉ ĂůƐŽ ƐŚŽǁƐ ĞǀŝĚĞŶĐĞ ŽĨ ůŽĐĂůŝƐĂƚŝŽŶ ŽĨ Tŝ ǁŝƚŚŝŶ ƚŚĞ ŵĞĐŚĂŶŝĐĂůůǇ ŵŝǆĞĚ ƉƌŽĚƵĐƚƐ ŽĨ ƐƚƌƵĐƚƵƌĞ ͚A͛ 

ǁŚŝĐŚ ŵĂǇ ďĞ ŝŶĚŝĐĂƚŝǀĞ ŽĨ Tŝ ƌŝĐŚ ƉĂƌƚŝĐƵůĂƚĞƐ͘ FŽƌ ƐƚƌƵĐƚƵƌĞƐ ͚B͛ ĂŶĚ ͚C͕͛ EDX ŵĂƉƉŝŶŐ ŝĚĞŶƚŝĨŝĞƐ ƚŚĞ 

chemical constituents of both structures to have originated from the Ti6Al4V alloy. Evidence of O and 

Ců ŝŶ ĂŵŽƌƉŚŽƵƐ ƐƚƌƵĐƚƵƌĞ ŽĨ ͚B͛ ǁĂƐ ŽďƐĞƌǀĞĚ͘  TŚĞ ĐŽŵďŝŶĂƚŝŽŶ ŽĨ “AED ĂŶĚ EDX ŵĂƉƉŝŶŐ ĐŽŶĨŝƌŵƐ 

ƐƚƌƵĐƚƵƌĞ ͚C͛ ƚŽ ďĞ Ă ďƵůŬ TŝϲAůϰV ŵĂƚĞƌŝĂů͘  

 

 

Fig 8 ʹ Bright-field, EDX and SAED analysis of the three different structures observed on Ti6Al4V 

ƐƵƌĨĂĐĞƐ ƐƵďũĞĐƚĞĚ ƚŽ ɷa = 50 µm. 

3.5. Nano-mechanical evaluation 



Nano-indentation was performed on cross-sections of the Ti6Al4V prior to and after simulated fretting 

corrosion (Fig 9a).  Figs 10b and 10c show the obtained force displacement data for bulk Ti6Al4V and 

interfacial layer the when indented between ~ 20 ʹ 60 nm, respectively. An increase in hardness (Fig 

9d) and Reduced Modulus (Er, Fig 9e) was observed for the tests subjected to fretting-corrosion when 

compared to the Ti6Al4V surface.   

 

Fig 9 ʹ a) cross-sectional optical microscope image showing the interfacial layer (white dashed) and 

the region where nano-indentation was made on the interfacial layer and bulk Ti6Al4V (red dashed). 

Fig 9b and c show the raw force-displacement obtained. Fig 9d and e show the hardness and Reduced 

Modulus data determined using the Oliver and Parr approach.  



4. Discussion 

The aim of this study was to investigate the role of interfacial slip mechanisms on the evolution of 

subsurface microstructure and the nature of the tribo-products formed as a result of fretting-

corrosion in simulated biological environments. A combination of methods have been used to 

demonstrate the roles of energy dissipation at the contact on the de-passivation processes via 

measurement of OCP, evolution of subsurface micro-structure and the physio-chemical nature of 

tribo-products generated at the interface. This study has shown that CoCrMo-Ti6Al4V fretting 

interfaces are highly complex and transient. Subtle changes in slip regime were seen to influence the 

material loss mechanisms, electrochemical processes and sub-surface microstructure. The complexity 

of the interfacial system has been shown through a series of simple, but controlled, fretting-corrosion 

tests. The use of site specific TEM-EDS for the analysis of fretting-corrosion contacts has further 

demonstrated that the nature of the tribo-material formed in the fretting contact is significantly 

different when compared to CoCrMo sliding orthopaedic systems. Strain induced transformation of 

the CoCrMo FCC phase to HCP has been noted to occur up to ~ 100 nm in the subsurface along with 

the formation of carbonaceous tribofilms on the surface seen for sliding systems [30].  

The mechanisms of subsurface microstructural changes in biomedical fretting-corrosion contacts have 

not been studied in great detail.  Material build-up within a Ti6Al4V-CoCrMo fretting-corrosion 

contacts is not a simple formation of abraded oxides on a surface as suggested in previous literature. 

In fact, it is a complex and dynamic mechano-chemical mixing process where no discreet interface 

between damaged and undamaged material is observable. These processes result in the formation of 

materials with very different mechanical and chemical properties when compared to the initial 

surfaces, penetrating the apparent surface  > 1 µm in some cases.  The observations made in this study 

go further towards understanding the degradation processes occurring at fretting-corrosion interfaces 

in vivo for orthopaedic applications such as hip/knee modular-taper connections, fracture fixation 

plates, spinal facet joint instrumentation.  

4.1. The links between fretting-corrosion and subsurface microstructure.  

The frictional forces arising for the shearing of two contacting surfaces can be better conceptualised 

as an energy dissipative processes whereby different pathways for dissipation exist. This is particularly 

the case for fretting contacts where gross sliding of the contact may not have fully developed. The 

seminal work of Mindlin, Vingsbo and Soderberg [31] and Fouvry et al [27] consider this in a purely 

mechanical context. The links between wear (i.e. in this case purely a physical process) and dissipated 

energy have been clearly shown in the literature for fretting contacts [10, 28, 32-34]. Similarly, the 

links to corrosion and its synergies during tribocorrosion have been quantified in recent work for 



fretting-corrosion contacts in simulated biological environments [35-37]. However, a full 

consideration and description of the degradation processes occurring at interfaces and the links with 

energy dissipation processes are still relatively unknown. This work shows the importance of 

considering corrosion aspects in the degradation and energy dissipation processes of contacting 

biomaterials; although not directly quantified in this study. Fig 10a shows the correlation of between 

total dissipated energy (Ed) and total volume loss (VLt) and total volume gain (VGt) for tests conducted 

according to Eq 1 & 2. With increasing total dissipated energy, achieved via incremental increases in 

displacement amplitude, an increase in the material losses / gains was observed. This correlates with 

existing literature mentioned previously. Fig 10a and 10b further breaks the contribution to mass loss 

down further presenting total volume losses or gains for each material as a percentage of overall mass 

loss/gain. Volume losses (Fig 10b) from the CoCrMo surfaces were seen to account for ~ 50 to 70% of 

ƚŚĞ ŽǀĞƌĂůů ǀŽůƵŵĞ ůŽƐƐĞƐ Ăƚ ɷa = 25 and 50 µm, respectively. Volume loss of the Ti6Al4V was seen to 

ĚŽŵŝŶĂƚĞ Ăƚ ɷa = 150 µm. This is complimented by Fig 10c, which shows how the build-up of material 

within the contact in the Ti-ĂůůŽǇ ƉůĂƚĞ ŝŶĐƌĞĂƐĞƐ ĨƌŽŵ ɷa = 10 to 50 µm. These observations can be 

explained by the nature of slip and energy dissipation pathway occurring at the interface. At 10 ʹ 50 

µm a partial slip regime is established with varying degrees of energy dissipation taking place at the 

interface. It is conceivable that any debris that is generated within the contact within these regimes 

will be retained to some degree within the contact, contributing to the enveloping degradation 

ƉƌŽĐĞƐƐĞƐ͘  Aƚ ɷa = 150 µm, the contact is experiencing a gross-slip regime where the sliding area is 

greater than the nominal contact area resulting in ejection of debris form the interface.  This is in line 

with the recent findings from Clark et al [37] who demonstrated the nature of the debris released 

from fretting-corrosion contacts correlated within the slip processes occurring at the interface.  

The detailed TEM analysis conducted in this study enabled us to understand these dissipation 

pathways. WithiŶ ƚŚĞ ƐƚŝĐŬ ƌĞŐŝŵĞ Ăƚ ɷa = 10 and 25 µm, a low energy dissipation rate is observed 

when compared to the larger displacement amplitudes. Whilst there is little evidence of depassivation 

of the surfaces and no measurable material loss, TEM analysis indicates that changes in the sub-

surface microstructure occurs. The degree of these changes appear to increase with increasing 

displacement amplitude and energy dissipation. This demonstrates that in the absence of no 

considerable slip, low wear and little evidence of depassivation of the metallic surfaces, dissipative 

processes at the interface are implicated in the sub-surface microstructural changes. This suggest that 

under conditions where low levels slip, cyclic shear stress at the interface will manifest itself in 

dislocation motion and the formation of high density dislocation structures resulting in irreversible 

plastic deformation of the subsurface; characteristic of a fatigue based process. In fact such alterations 



in subsurface microstructure have been observed in other biomaterials subjected to cyclic stresses, in 

the absence of tribological contact [38].  

AƐ ƚŚĞ ŶĂƚƵƌĞ ŽĨ ƐůŝƉ ĐŚĂŶŐĞƐ ŝƚ ŝƐ ĞǀŝĚĞŶƚ ƚŚĂƚ ƚŚĞ ĚŝƐƐŝƉĂƚŝǀĞ ƉĂƚŚǁĂǇƐ ĐŚĂŶŐĞ͘ Aƚ ɷa = 50 µm, the 

fretting contact exhibits a partial slip, transient regime exists where energy is dissipated through wear 

and corrosion (indicated via OCP measurement), subsurface microstructural changes and 

tribochemical processes. This is further complicated by the elastic-plastic nature of the deformation 

within the fretting contact. TEM analysis shows that the nature of the interface changes significantly 

ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ƚŚĞ ĐŽŶƚƌŽů ƐƵƌĨĂĐĞ ĂŶĚ ƚĞƐƚƐ ĐŽŶĚƵĐƚĞĚ Ăƚ ɷa = 10 and 25 µm. Refinement of the 

subsurface microstructure, the formation of localised areas of amorphous materials consisting of 

materials derived from the Ti-alloy and lubricant and the formation of a relatively thick nano-

crystalline materials consisting of metal oxides and organic matter was confirmed by EDS and SAED 

analysis.  The formation of these materials within the contact may explain the transient nature of the 

contact due to the gradual build-up and subsequent fracture of the interface layers, as evidenced in 

Fig 8. It also gives further insight into the observations made by Swaminathan who suggested that 

CoCrMo may dominate the outcomes for mixed-metal fretting-corrosion contacts. With the 

generation and retention of such layers within the contact, the nature of the interface that facilitates 

slip is significantly different compared to the original nascent surfaces. TEM-EDS analysis shows the 

interface is a complex mixture of mixed metal oxides, dominated by Co and Cr which provides further 

insight into the observations made by Swaminathan [35]͘ Aƚ ɷa = 150 µm and based on the initial 

predicted Hertzian and final nominal contact width measured by VSI, the contact is likely incipient 

sliding. It is evident that subsurface microstructural refinement occurs when compared to the control 

sample. The nature of the interface is also very different compared to the fretting-corrosion contacts 

slid at lower displacement amplitude. No evidence of the formation and retention of oxides within the 

contact was observed and it is likely that any debris generated is likely ejected from the contact. 

Evidence of subsurface cracking and mechanical mixing of the Ti-alloy was seen suggesting fatigue is 

Ă ĐŽŵƉŽŶĞŶƚ ŽĨ ƚŚĞ ĚĞŐƌĂĚĂƚŝŽŶ ŵĞĐŚĂŶŝƐŵƐ͕ ĂůƚŚŽƵŐŚ Ăƚ ɷa = 150 µm wear will likely dominate. 
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Fig 10 ʹ a) Correlation of volume losses / gains with dissipated energy and percentage contribution of 

b) material loss or c) material gain from CoCrMo and Ti6Al4V surfaces. 

4.2. What does this mean for in-vivo applications? 

Fretting-crevice corrosion or mechanically assisted crevice corrosion has been of interest for a number 

of years due to the biological implications of tribocorrosion debris within the biological environment. 

A wealth of in-vitro and retrieval analysis exists characterising the fretting-corrosion response, 

evolution of surfaces topography and debris release. The presence of complexed metal oxides at the 

interface, as shown in this study, is widely reported in both in vitro and retrieval literature and often 

used a criteria for grading corroded metallic implants. Despite this, the formation mechanisms and 

their subsequent implications on degradation are not well understood. The preferential degradation 

of the harder CoCrMo alloy relative to the softer Ti-alloys has been highlighted in retrieval analysis 

[23], yet no robust mechanism of such has been proposed. To date the degradation mechanisms 

occurring at the fretting interface have mainly been considered as a surface processes with little 

attention paid to the dynamic microstructural and tribochemical changes. Moharrami et al [19] 

hypothesized that in-vivo oxidation of the surface (i.e. formation of thicker oxide layer on the surface) 

could have a significant effect on the surface mechanical properties of the Ti alloy causing it to become 

harder and having a higher tendency to abrade the CoCrMo surface, albeit examined in static corrosive 

conditions.  

TEM data presented in this study shows the nature of the fretting-interface is not discrete and varies 

substantially compared to the original contacting surfaces. The formation of thick and hard mixed 

metal-oxide layers, refinement and mechanical mixing of the Ti-alloy sub-surface has been observed 
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depending on the nature of slip at the interface. This raises additional questions as to what is actually 

measured during routine gravimetric or volume analysis measured using surface scanning techniques. 

Data here shows that despite a measurable wear loss, changes to subsurface volumes and 

redistribution of material at the interface is significant. The in-vitro observations made in this study 

correlate well with the in vivo analysis presented in [24] where location specific subsurface refinement 

and microstructural al changes were observed in Ti-alloy bi-modular components. Sauger et al [39] 

showed that nano-crystalline structures do form in Ti6Al4V under dry fretting conditions, and are 

located within highly plastic regions beneath the layers of already worn products. The structure was 

ĐĂůůĞĚ ͚ƚƌŝďŽůŽŐŝĐĂůůǇ ƚƌĂŶƐĨŽƌŵĞĚ ƐƚƌƵĐƚƵƌĞƐ͛ ;TT“Ϳ ŝŶ ƚŚĞŝƌ ƐƚƵĚǇ ĂŶĚ ĨƵƌƚŚĞƌ ĐŚĂƌĂĐƚĞƌŝƐĂƚŝŽŶ ŽĨ ƚŚĞ 

structure showed that the TTS can be more than two times harder than the original bulk Ti6Al4V alloy 

[39]. In this study, the increase in hardness and reduced modulus is due to the presence of tribo-

material formed within the contact. The refinement of the subsurface microstructure due to 

mechanical shear and the resultant mechanical mixing of oxidised material will lead to a surface with 

altered material mechanical properties when compared to the bulk materials. It is anticipated the hard 

interfacial fretting-induced materials, as observed in this study, would largely influence the wear and 

corrosion phenomena at the interface. From the transition to gross slip, the softer Ti6Al4V is no longer 

in contact with the CoCrMo counter-body. Rather, the CoCrMo is in direct fretting contact with the 

interfacial layer several times harder than itself, thus it is expected that CoCrMo would suffer more 

wear in such condition whilst Ti6Al4V would experience no wear. If such hard phases form in-vivo, it 

proposes a more plausible reason than those given by Moharrami et al [19] as to why CoCrMo wears 

more than its softer Ti6Al4V counter-part. 

The study presented has its limitations. The manifestation of fretting-corrosion or MACC in-vivo has 

been shown through retrievals to include corrosion damage mechanisms such as inter-granular and 

pitting corrosion, oxide induced stress corrosion cracking (OISCC) [8, 20]. While it is known that these 

mechanisms can be sustained beyond the cessation of mechanical action, an initial mechanical action 

is required to create the crevice conditions for corrosion dominated mechanisms to manifest. The 

authors appreciate this, however this study was aimed to address the less understood aspect of 

fretting-corrosion which is concerned with the significant changes to both the surface and the 

subsurface of CoCrMo and Ti6Al4V alloy as evidenced in retrieval studies [24]. The in-vitro tests carried 

out in this study were short-term, lasting 6000 cycles. This study has therefore only provided insight 

into the early-stage damage mechanisms with some indications of possible long-term failure 

mechanisms. 

5. Conclusions 



In the present study, fretting-induced subsurface refinement and microstructural al changes of the 

microstructure and tribo-chemical reactions occurring on Ti6Al4V alloy surfaces was characterised at 

all three fretting regimes including the mixed regime. The degree of subsurface microstructural 

refinement was observed to be energy dependent while the manifestation of the energy dissipation 

was dependent on the contact condition, that is, the fretting regimes. The key findings of this study 

can be summarised as:  

1. The type of slip at the fretting-corrosion interface affects the degree and type of degradation 

product at the interface. Debris was seen ƚŽ ďĞ ƌĞƚĂŝŶĞĚ ǁŝƚŚŝŶ ƚŚĞ ĐŽŶƚĂĐƚ ƵŶĚĞƌ ͚ŵŝǆĞĚ͛ ĨƌĞƚƚŝŶŐ 

regimes.  

2. Complex subsurface microstructural and mechanical mixing processes were observed where an 

increase in nano-hardness was observed. After fretting, where slip had occurred, a discrete Ti-

alloy interface was no longer present.  

3. It is hypothesised that the more severe degradation of CoCrMo surfaces with respect to Ti-alloy is 

driven by the formation of the hard mixed metal oxides arising from the local mechanical mixing 

within the fretting contact.   
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