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Abstract

Understanding wear mechanisms is crucial for enhancing the durability and effectiveness of joint implants.
Despite advances in the field, a gap persists in connecting different length scales, tribocorrosion, and overall
debris formation, underscoring the need for enhancements.

This study investigates the degradation process of the low-carbon cobaltchromiummolybdenum alloy,
examining its behaviour across macro and micro scales. The coefficient of friction (COF) was shown to
be influenced by initial contact pressures, alongside a transition from predominantly mechanical to mainly
corrosive wear when shear stresses in the contact fell below the shear strength of the bulk.

By integrating insights from both scales, this study provides a comprehensive perspective on wear pro-
cesses. It contributes to the development design strategies and further improved material performance.

Keywords: Tribocorrosion, Friction, Wear, CoCrMo Alloy

1. Introduction

The release of metal particles from biomedical implants has been widely studied due to its role in in-
flammatory responses and implant failure. Fretwurst et al. [1] identified metal particles in peri-implant sup-
porting tissues, raising concerns about their potential contribution to both local and systemic inflammation.
Research suggests that wear debris and ion release negatively affect periprosthetic tissue reactions, leading
to aseptic loosening and implant failure [2]. Additionally, in the context of systemic toxicity, Chang et al.
[3] reported a 5.3% incidence of metallosis in total hip replacements. Given that the global hip replacement
market is projected to reach $11.59 billion by 2032 [4], a comprehensive understanding of bio-tribocorrosion
mechanisms is essential for enhancing the longevity and reliability of biomedical implants.

Tribocorrosion, the combined effect of mechanical wear and corrosion, plays a critical role in the degra-
dation and longevity of biomedical implants [5; 6]. The performance and durability of biomedical alloys are

significantly affected by synergistic interactions between these factors [7].
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Wimmer et al. [8] conducted a study on recovered hip joints. The study revealed the formation of a
tribocorrosive layer through a process they named mechanical mixing. Furthermore, this nanocrystalline
layer was related to the generation of wear particles and their subsequent detachment into the surrounding
tissue from adhesion-dominated wear mechanisms.

Building on this foundation, Fischer et al. [9] studied various biomaterials and their microstructure
changes, with the aim of establishing connections with wear formation . The study concluded the importance
of subsurface mechanical behaviour, particularly cyclic creep and dislocation formation, in determining the
long-term wear performance of materials in biomedical implants. However, a significant limitation of their
investigation lay in the omission of lubrication and corrosion considerations, since the tests were performed
under dry conditions [9].

Subsequent studies addressed these limitations through the use of joint simulators that replicate in vivo
conditions [10]. Although these studies are very important in simulating the biomechanics of the human
body, they remain simplified representations of surface interactions at the asperity level. On a microscopic
scale, interactions transpire among surface asperities, which induce elevated stresses. Statistical theories of
asperity contact have been proposed in the literature [11; 12], starting from the studies of Greenwood et
al. [13] to novel deterministic approach for calculating the electrochemical current in tribocorrosive wear
environments [14]. However, their experimental application to biomaterials is still limited.

Recent studies have started to explore aspects of multi-scale tribocorrosion. For example, Brazil et
al. [15] demonstrated that microscopic features such as plastic sink-in significantly influence static friction
in single asperity contacts, highlighting the role of micro-scale contact mechanics in shaping macro-scale
tribological behaviour. Ghanbarzadeh et al. [14] combined electrochemical simulations with asperity-level
contact mechanics to model the coupled effects of wear and corrosion, offering detailed insight into localised
degradation mechanisms. Mace and Gilbert [16] further investigated the tribocorrosive response of metals
using an idealised single-asperity setup, examining the combined effects of potential difference, mechanical
load, and cycle number.

However, despite these contributions, there remains a lack of evidence directly linking scale-dependent
interactions to material degradation pathways. While many studies have investigated either micro- or macro-
scale tribocorrosion independently, to the best of our knowledge, no existing work has experimentally exam-
ined both scales within a single framework to compare their effects and establish a direct connection between
them.

This gap limits our understanding of how tribocorrosion mechanisms evolve across different contact
conditions and prevents a unified view of degradation behaviour in biomedical alloys. Further, since debris
generation is a direct outcome of material degradation, an incomplete understanding of tribocorrosion across
scales restricts our ability to anticipate its clinical implications, including inflammatory responses and implant
failure.

Consequently, there is a pressing need for enhancements to mitigate these limitations. By understanding
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the tribocorrosive behaviour of CoCrMo alloys at different scales, we can potentially translate these findings
to inform and improve implant design, enhancing wear and corrosion resistance. Therefore, in this study
we designed a multi-scale tribocorrosion approach combining macro- and micro-contact testing using dia-
mond tips of different radii under controlled electrochemical conditions. By COF evolution, wear volume
measurements, and morphological changes, with calculated contact pressures and shear stress, we establish
the relationship between contact scale, applied stress, and wear mechanism. This integrated methodology
enables us to mechanistically map the tribocorrosive behaviour of CoCrMo alloys across scales and identify

critical thresholds for wear transitions.

2. Materials and Methodology

2.1. CoCrMo Samples

Co-28Cr-6Mo alloy (CoCrMo)(Oracle, UK), a low-carbon wrought material, with a hardness of 5.2 GPa,
manufactured according to ASTM F1537 was employed for tribocorrosion analysis [17]. The elemental com-
position of CoCrMo as per the suppliers data sheet, adhering to the guidelines outlined in the aforementioned

standard, is delineated in Table 1.

Table 1: Composition of Low Carbon CoCrMo according to the suppliers data sheet

Element C Mn Si Co Cr Mo Ni Fe

Concentration (%) 0.05 0.8 0.6 Rest 27.7 55 0.16 0.28

Supplied as a 10 mm diameter rod, it was cut into a 4 mm thick flat sample. The samples underwent
grinding using sequential silicon carbide paper with grit sizes from 600, 800, 1200 and 4000. Subsequently,
mirror-polishing was carried out using sequential diamond paste with particle sizes 6 pm, 3 pm, 0.5 pm,
and 0.25 pum, further refining the surface and reducing roughness. The mean roughness value R, for the
surface after polishing was measured using vertical scanning interferometry and resulted in around 0.005 u
m which complied with the maximum limit (R, = 0.05 pum) given by the technical standard ISO 7206-2
(2011/AMD 1:2016) for partial and total hip joint prostheses [18]. Subsequently, the samples were immersed
in acetone and subjected to ultrasonic cleaning for a duration of 10 minutes, ensuring the removal of possible
contaminants. They were then rinsed with deionised water and dried in a stream of dry air. The prepared

CoCrMo samples were then immediately used for tribocorrosion testing.

2.2. Lubricant and test environment

The experiments were conducted at ambient room temperature, with phosphate buffer saline (PBS) so-
lution (Thermo Scientific, UK) as the test medium. These conditions were chosen to eliminate potential

confounding factors such as temperature effects and solution reactions, thereby enabling a targeted study
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of scale and load effects on wear phenomena. PBS was synthesised prior to the experiments by dissolving a
commercially available PBS tablet in 100 mL of deionised water, using a magnetic stirrer to ensure homo-
geneity. This buffer solution has a stable pH environment as well as the ion concentration and osmolarity

which align with physiological levels found in human bodily fluids [19].

2.3. Tribocorrosion tests

A linear-reciprocating nanotribometer (NTR?) with atomic force microscopy level precision (Anton Paar,
UK) was used to investigate the effects of a single asperity scratch behaviour. High-resolution capacitive
sensors and a dual quad-beam cantilever with a stiffness of F, = 5.504 mN/um and Fy = 12.55 mN/um were
employed to independently measure normal and friction forces, which ensures changes in one direction do not
affect the other [20]. The piezo actuator in the NTR? respectively monitored the normal force detected by
the sensor and adjusted its position to maintain a stable normal force. This provided it with high precision
in measuring nanoscale friction, making it suitable for studying materials at very small scales.

Additionally two counter tips were used to simulate different asperity sizes in contact. The counter tip,
which simulates a macro-scale contact, was constructed as a dome-shaped diamond tip with a diameter
Drip200 = 200 pm (Micro Materials Ltd, UK) providing insight into larger-scale contact behaviour, more
representative of bulk material response [21]. In addition to Diip2oo, & second diamond tip of the same
manufacturer, with a diameter Dyipos = 25 pm represents interactions on the microscale, where localised
deformation and asperity-level mechanics dominate [22]. A range of normal loads (F,, = 10,50,100, and
200 mN) was applied, resulting in contact pressures ranging from 1.95 to 5.29 GPa for Dyipo00 and 7.79 to
21.15 GPa for Dyipo5. The actual contact area between two metal surfaces is significantly smaller than the
apparent contact area due to surface roughness [23]. This leads to extremely high localised pressures at as-
perity contact points, even when the overall contact pressure remains low [24]. Previous studies investigating
nano-fretting and reciprocating sliding wear in CoCrMo alloys have reported contact pressures ranging from
0.77 to 21 GPa [25]. Therefore, the test conditions employed in this study were designed to reflect clinically
relevant contact pressures at the asperity level within modular hip joint components.

To enhance electrical isolation and prevent interference, the tip holder made from stainless steel was
further coated with a layer of Acrylic Protective Lacquer (Electrolube, UK). This coating served to minimise
the potential for unwanted reactions from the tip holder during the tribocorrosion experiments, ensuring the
integrity of the measurements and the accuracy of the results.

The mean values of COF recorded during reciprocate sliding were plotted against cycles for further
analysis. To be able to probe the currents at the nA range a sliding motion was performed with a reciprocating
stroke length of 1.5 mm at 1.5 Hz for 30 min. The experiments were performed with a total of three replicates
(n = 3) for each test condition.The results presented in the study represent the mean values obtained from
these three independent trials. To assess the repeatability and variability of the data, standard deviations

were calculated and are provided alongside the mean values in the relevant figures and tables.
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2.4. Corrosion Study

To examine the impact of corrosion during sliding, a sample holder shown in Figure 1 was designed
and integrated on the nanotribometer which enabled integration of a three-electrode electrochemical cell.
This sample holder allowed immersion of the sample in a liquid environment. The holder consisted of two
parts: an aluminium component facilitated the working electrode connection to the 10 mm CoCr plate,
and a polyether ether ketone (PEEK) component which clamped the CoCr sample within the holder and
restricted the exposed surface area of the sample to a diameter of 5 mm. To ensure a leak-proof seal within

this restricted area, a perfluoroelastomer (FFKM) O-ring with dynamic sealing capability was employed.

Sample position

Figure 1: The image shows a tribocorrosion bath with a PEEK top section and an aluminum alloy base. The PEEK limits the
exposed sample area to 5 mm. The design ensures electrical isolation while providing a stable connection for tribocorrosion

testing.

Inside the bath, a three-electrode cell was used. An Orion Redox ORP Electrode (ThermoFisher Scientific,
UK) with a Silver/Silver-Chloride (Ag/AgCl) reference electrode and a Platinum (Pt) counter electrode was
used to generate electrical currents. A schematic of the tribocorrosion set up is shown in Figure 2a

A compactstat ( Ivium Technologies, NL) was used to apply controlled voltages via Ivium Soft (Ivium
Technologies, NL) where chronoamperometry measurements were performed. Current transients were recorded
under potentiostatic polarisation conditions (+100mV vs Ag/AgCl). This current value has been demon-
strated to induce a shift in the material towards the passivation region [26]. The current changes were
recorded as a function of time at a rate of 0.1s7!.

Firstly, the tip is loaded onto the surface by applying 95% of the intended normal load. Following this,
the system was allowed to stabilise which was characterised by an exponential decay in anodic current;
linked to passive film growth [27]. The equipment was then fully loaded to the predetermined set load,
and reciprocating sliding was executed for an additional 30 minutes, which is equivalent to a total of 2700
cycles. At the start of sliding, an increase in current was observed due to depassivation and exposure of

the reactive nascent substrate to the lubricant. After the completion of the sliding, the current decreased
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due to repassivation [27]. A subsequent 30-minute monitoring period was then implemented to evaluate the

recovery and passivation of the contact. An example of the output is shown in Figure 2b

Reference/ Counter
Electrode

a)

Poten

! Diamond tip
Lubricant

-4
b ) 3.0 x10
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Figure 2: a) Tribocorrosion schematic. b) Example of changes in current induced by mechanical wear caused by the Diamond

Tip scratching the surface of the mechanically polished CoCrMo sample

2.5. Theory and calculations

2.5.1. Hamrock-Dowson Minimum Lubricant Film Thickness

In tribological systems, the formation and stability of a lubricating film are critical in determining the ex-
tent of surface separation and the dominant wear mechanisms. For point or elliptical contacts, the Hamrock-
Dowson equations provide a well-established analytical model to estimate the minimum lubricant film thick-
ness under elastohydrodynamic lubrication (EHL) conditions [28]. These equations incorporate the effects
of speed, material properties, load, and contact geometry through dimensionless parameters. Applying this
model allows for the quantification of film thickness and, subsequently, the estimation of the lubrication
regime using the dimensionless Lambda A -ratio [28]. This framework is essential for understanding whether
contact occurs predominantly in a full film, mixed, or boundary lubrication state, which directly influences
tribocorrosion performance.

The minimum film thickness hpi, is given by:
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hmin — 363 U0.68 G0.49 W—0.073 R (1)

where U is the dimensionless speed parameter, G is the dimensionless material parameter, W is the dimen-

sionless load parameter, and R is the tip radius.

The dimensionless speed parameter U is defined as:

Nou
U:E?R (2)

Here, 19, is the dynamic viscosity of the lubricant, u, is the average sliding velocity, and E’, is the reduced

elastic modulus.

The reduced elastic modulus E’ is given by:

1 7171/12 1—v2
E B Es

3)

where E7 and E, are the Youngs moduli, and v; and vy are the Poissons ratios of the respective materials.
The above is calculated for a dome-shaped Diamond tip with E; = 1050 GPa and v; = 0.2 and a flat
CoCrMo surface with Ey = 220 GPa and v5 = 0.29.

The material parameter G is defined as:

G =a,F (4)
where ay, is the pressureviscosity coefficient of the lubricant.

Finally, the load parameter W is defined as:

Fy
= Ee ®

The lubrication regime is then determined using the following equation:

A= Pmin (6)

where the combined surface roughness o is calculated from the roughness of the CoCrMo surface o, and the

diamond tip o9 using:

o= \Jot + 3 ™

Following the classification of lubrication regimes:
A >3 Full Film Lubrication
1< A <3 Mixed Lubrication

A <1 Boundary Lubrication
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2.5.2. Mechanistic aproach

In the context of quantifying material loss mechanisms, the mechanistic approach offers a systematic
framework to break down tribocorrosion into its constituent components of mechanical induced wear, (Vipecn )
and corrosive wear loss, (Vehem) and analyse each factor’s contribution quantitatively [29]. According to this

method the total volume loss, (Viotal) is equal to:

Vtotal = Vchem + Vmech (8)

Further, Viota) is measured using profilometry (VSI, NPFlex TM, Bruker, US) while Vihem in a potentio-

static tribocorrosion experiment can be determined from the measured current using Faradays law:

QM
‘/Ycem: 9
h nFp (9)

Where Q is the electric charge obtained by integrating the measured current over the time of the exper-
iment [29]. Faradays constant (F') was taken as 96,500 C/mol, and the molar mass (M) was 55.7 g/mole,
reflecting the stoichiometric mean of the CoCrMo alloys composition. Consequently, the valence number

3

(n) was assumed to be 2.4, with a material density (p) of 8.29 g/cm®. These parameters align with those

adopted in preceding investigations involving CoCrMo specimens [30].

2.5.8. Hertzian Contact Theory, Shear Sresses and Degree of Penetration
For contact mechanics analysis Hertzian contact theory has been used to calculate initial contacting
pressure [31].

The maximum contact pressure for a sphere on a plane is calculated by:

1 (6F,E'"\®
pmaxﬂ_( R2 > (10)

Furthermore, the shear stress (7.) in the contact area can be related to pymax through the Hertzian contact

theory. It can be approximated that the shear stress 7. is half of the normal contact pressure:

pmax
c = 11
o = 2 (11)

Moreover, the maximum yield shear strength of the material was acquired from the material dataset
provided by the supplier and was equal to 79=0.86 GPa. Further, the Tresca criterion was applied to
determine if the material would yield under these conditions [32]. In addition to identify the wear mechanisms
the wear map for ductile metals was used by normalising the critical shear strength/stress values[33]:

To

T=—= (12)

Te
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and calculate the degree of penetration (D,):

h
Dy, = a (13)
where h is the penetration depth and is equal to:
2
a
h=— 14
> (14)

while a is the contact radius and is calculated as:

- (f?}j)é (15)

All the calculated values are shown in Table 2.

Table 2: Calculated results for various parameters including: Radius of initial contacting area (a), Hertzian contact pressure
(pmax), initial penetration height (h), degree of penetration (Dp), and shear stress at the contact between tip and surface
(c) for different contacting geometries and loads. Also included are values for bulk shear stress (19) from the manufacturer’s

dataset, along with an indication if the material is yielding according to the Tresca criterion.

Tip Radius (um)  Load (mN)  Contact Area Radius (um)  Contact Pressure (GPa) Initial Penetration Depth (um)  Degree of Penetration (Dp) ~ Shear Stress (GPa) ~ Shear Strength (GPa)  Yielding (Tresca)

100 10.0 1.57 1.95 0.02 0.016 0.97 0.86 YES
100 100.0 3.37 4.20 0.11 0.034 21 0.86 YES
100 200.0 4.25 529 0.18 0.042 2.64 0.86 YES
125 10.0 0.78 7.79 0.05 0.063 3.90 0.86 YES
125 50.0 1.34 13.33 0.14 0.107 6.66 0.86 YES
125 100.0 1.69 16.79 0.23 0.135 8.39 0.86 YES
125 200.0 212 21.15 0.36 0.170 10.58 0.86 YES

2.5.4. Archards Law
In cases where no visible wear was observed, Archards law was applied to estimate the potential total
wear volume loss (Viota1) based on the contact conditions.

The wear volume V is given by:

KWL

where:

K is the dimensionless wear coefficient,
W is the applied normal load,

L is the total sliding distance,

H is the hardness of the softer material in contact.

2.6. Vertical Scanning Interferometry (VSI)

A Vertical Scanning Interferometer (VSI, NPFlex, Bruker, USA) was employed to capture profiles of the

samples, enabling the quantification of total volumetric loss subsequent to sliding tests. The VSI functioned
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based on white light interferometry, utilises surface reflections to generate interference fringes. The system
operated at 20x magnification with a scanning speed of 1x and achieved a spatial resolution of 0.24 um. A
3D image with a length of 2mm and a width of 0.2mm was recorded. The data acquisition was processed
through Vision64 software (Bruker, MA, USA), which facilitated the construction of detailed wear scar profile
representations. To determine the wear scar’s contour and the negative volume the surface was subtracted
from any tilting. Subsequently, the total volume loss was precisely measured by modifying the reference

plane height, allowing for an inclusive assessment of all points situated beneath this plane.

2.7. Field Emission Gun - Scanning Electron Microscopy (FEG-SEM)

The FEI Helios G4 CX DualBeam (Thermo Fischer, UK) is used in this study to analyse the morphology
of the wear surface. The high-resolution monochromated FEG-SEM generates a focused beam of high-
energy electrons using an electron gun, like a standard SEM. The electron beam is directed at the sample
under investigation. When the electrons interact with the sample’s surface, they produce various signals,
including secondary electrons (SEs) and back-scattered electrons (BSEs). To capture the wear scar images the

secondary electron detector was chosen due to its high-resolution images of the sample’s surface topography.

3. Results and discussion

3.1. Lubrication

For all tested conditions, the calculated values (provided in the supplementary material) confirm that
the system remains in the boundary lubrication regime, indicating solid-to-solid contact with an insufficient
lubricant film to fully separate the surfaces. As a result, the lubrication does not provide effective protection

against wear, and therefore, we neglect the lubrication effects in further considerations.

3.2. Coefficient of friction (COF)

The evolution of the COF over cycles while sliding at each contact pressure for Dyipaoo and Dyipos is shown
in Figure 3a,b. The initial phase, known as the ‘running-in’ regime, is marked by surface adaptations between
contacting bodies. Notably, Figure 3¢ and d highlight the running-in regime where a distinct transition in
the COF trend between the macro and micro contact is observed.

Under the macro-contact Dyip2o0, the COF initiates at values as low as approximately 0.06, with a
subsequent increase to 0.1 observed after 150 cycles. Conversely, at microcontact with Diipos, the COF
starts at a higher value around 0.13 initially, but reaches values as low as 0.05 within the first 50 cycles. This
occurrence suggests that the changing pressure conditions induce alterations in the materials deformation
behaviour at different scales, ultimately influencing its tribological responses during the process.

Following the running-in period, the COF stabilises, entering a steady state and maintaining a relatively
consistent value for the remaining duration of the test, regardless of contact scales and loads. Further,an

increase of COF with decreasing initial surface pressure, supports findings reported in previous studies [25].

10
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Figure 3: COF evolution over cycles for (a) Dyip20o and (b) Dyip2s. (c) A logarithmic representation of COF over cycles
highlights the variation in COF behaviour during the running-in phase, demonstrating a change in trend with decreasing

contact pressures for Dyjp200, while (d) shows the corresponding behaviour for Dyjpos.

One explanation to why this occurs can be found in the adhesion hypothesis proposed by Bowden and
Tabor [34]. According to this hypothesis, resistance to relative motion arises from the formation of adhesive
bonds between asperity tips when positioned at an interatomic distance. It is known that the COF is
recognised to result from the cooperative influence of adhesion and ploughing contributions [35]. However,
given the mirror-polished surface and the inherently weak van der Waals/London forces at the interface, it
is unlikely that the observed increase in COF results from increased adhesion forces [36]. Instead, the ease
with which the tip ploughs the surface at high surface pressures is likely the primary factor contributing to
the low COF values.

This correlation is further confirmed by the analysis of wear scar profiles obtained through VSI, as shown
in Figure 4a. In these profiles, ploughing becomes less distinct as contact pressure decreases (Figure 4)b. At
21.2 GPa, the height on the side of the wear scar reached 1.5 um, whereas at 1.9 GPa, it was indistinguishable
from the surface roughness. Notably, this reduction in ploughing coincides with an increase in COF, further

supporting the link between ploughing and lower COF values.

11
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Figure 4: VSI scans depicting a) the final wear scar profiles corresponding to each initial contact pressure, and b) ploughing

observed on the side of the wear scar for each initial contact pressure.

267 A Dbetter understanding is obtained by calculating the shear stress from Eq. 11 (Table 2). As the
x%s applied shear stress approaches the material’s bulk shear strength, consequently, surface asperities effectively
w0  withstand sliding, leading to higher transversal forces and a higher COF. Furthermore by calculating the
a0 degree of penetration from Eq. 13 and using the abrasive wear map for ductile metals (Figure 5), we can
an indicate that pure ploughing consistently manifested across all samples besides the samples tested with Dyipas
o2 under 200 mN where a transition of cutting wear becomes evident. The obtained low values of COF are
23 in harmony with the Johnson’s theory which signifies that instances of pure ploughing are associated with
< 0.3 [35].

275 The results of this study go further and suggest that a transition from ploughing to cutting wear occurs
a6 when initial contacting pressures are furthermore increased either through higher loads or a reduced real
a7 contact area, relating COF values of 0.05 to unconstrained plastic flow during sliding. These findings were

as  confirmed by SEM analysis, see Section 3.3.
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Figure 5: The wear map of ductile metals shows three distinct mechanisms of abrasive wear. Each star sign indicates a
predictive wear mechanism according to the normalised shear strength between the contact and bulk shear strength, degree of

penetration, and initial contact pressures.

3.8. Surface analysis

Figure 6 shows SEM analysis of the wear scar for all the CoCrMo surfaces after sliding for 2700 cycles
in PBS under loads 10 mN to 200 mN for the macro and micro contact. Different wear mechanisms from
mechanical to corrosive have been observed, for high and low initial contact pressures.

The sample tested under F,,=10 mN with Dy;po00 Figure (6a), showed no visible wear scar. However,
plastic deformation is expected according to the Tresca criterion which states that yielding occurs when
initial shear stress overcome the shear strength of the material. Considering initial penetration depth for
this particular test calculated at (h=0.02 pm), along with the observed current alternation during rubbing
suggests that the tip primarily disturbed the oxide layer, thought to be 1-4 nm thick [37], thereby exposing
the bulk material to corrosion rather than inducing significant plastic deformation. Applying Archards law
of wear for this testing condition suggests that the mechanical wear volume loss is present (Vecn = 0.00288
pum?) but is nearly negligible compared to the corrosive wear volume loss (Vepem = 154.536 ym?). Both
values are presented in the supplementary material.

SEM images of all other surfaces confirm plastic deformation (Figure (6b-g)). From the observations
made ploughing wear became evident for all surfaces tested with the micro-tip Dyipes (Figure (6d-g)). This
supports the finding of Mace and Gilbert which has similarly reported excessive fretting depth and ploughing
within a few hundred cycles under micro contacts [38]. Furthermore, SEM images (Figure (6d-g)) show the
presence of 45° twinning lines on the sides of the wear scar. It is noteworthy that twinning became apparent
only when the applied contacting pressures surpassed the material’s hardness at 5.2 GPa. Furthermore, for

samples tested under loads 200 mN and 100 mN with Dy;,05, severe damage in the form of cracks were seen
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along the wear scar (Figure (6f-g)). The substantial deformation evident on the surfaces usually coupled with
the generation of chips and particles during these processes, results from the transition of wear mechanisms
from ploughing to cutting wear [39]. A study by Mahato et. al., have linked similar surface features to
plastic flow and the evolution of elevations in the surface ahead of the wedge during continued sliding [39].
Over time, these elevations increase in height and move closer together, eventually interacting to form a
self-contact, known as a fold. As a fold exits in the contact region, through sliding it splits resulting in wear

particles, leaving behind crack- and tear-like features on the surface.
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Figure 6: SEM Images of the wear scar under a) 1.9 GPa initial contact pressure obtained with a Dyjp200 and 10 mN where no
wear scar was observed. b-c) 4.2 GPa and 5.3 GPa initial contact pressure obtained with Dyjp200 and a load of 100 mN and
200 mN respectively. Neither ploughing nor twinning was observed in those samples. d-e) 7.8 GPa and 13.3 GPa initial contact
pressure obtained with Dyjp25 and a load of 10 mN and 50 mN respectively. Showing ploughing as the main wear mechanism
and 45° twinning. f-g)16.8 GPa and 21.2 GPa initial contact pressure obtained with Dyjpo5 and a load of 100 mN and 200 mN

respectively. Shows severe damage, micro cracking and ploughing, as well as 45° twinning on the side of the wear scar.
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3.4. Wear analysis

As outlined in Section 2.5, the acquired charge value Q was employed in Faraday’s Law to obtain Vpep,.
In this study, the process involves fitting a line to the current data and integrating the area between the
fitted line and the actual current curve, as shown in Figure 2b. Corrosion in passive regions is negligible
compared to the corrosion in depassivated areas [40; 41]. However, in small contact areas, this difference
becomes more significant. If corrosion in passive areas is also considered, the estimated corrosion wear would
be higher than mechanical wear, as the total exposed surface area to corrosion is significantly larger than the
localised contact area of the scratching tip. This overestimation occurs because the passive regions contribute
additional net anodic current, whereas the actual wear process is confined to the much smaller contact zone.
For example, I,A, > I,A,. Thus, determining Q requires integrating the current recorded during rubbing
and subtracting the background current in passive areas. Further, subtraction of Vipen from Vigea allowed
for the determination of Vijech.-

Based on the total volume loss measured by VSI it is apparent that an increase in contact pressure
correlates with a rise in total wear volume loss (Figure 7a).

Figure 7b-c presents an analysis of the contribution of volume loss attributed to mechanical (Viecn) and
corrosive (Venem) processes in relation to the overall tribocorrosive volume loss (Viotal), considering varying

contact pressures.
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Figure 7: Graphs showing a) Total wear volume loss measured by VSI, b) Mechanical wear and c) Corrosive wear, under each

initial contact pressure.
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The data indicates a prevalent influence of mechanical wear over corrosive wear with the micro contact
(Dtip2s). However, this predominance gradually diminishes as the surface pressures decrease, reaching a
critical point for the sample tested at 1.9 GPa, where corrosive wear surpasses mechanical wear.

The relative prevalence of each mechanism is shown in Figure 8a, showing the percentage attributed to the
individual mechanisms. A larger real contacting area exposed a greater surface to the corrosive environment,
leading to an augmented volume loss due to corrosion. This observation aligns with the findings of Mischler
et al. [42], where their work reported an augmentation in the current corresponding correlation to a broader
wear scar. As such, results show that CoCrMo alloys behave differently under micro and macro contact
conditions due to pressure variations.

Figure 8b shows the boundary of the transition between different wear regimes as a function of the initial
contact pressure and shear stress in CoCrMo alloys. When the shear stress falls below the materials shear
strength (0.89 GPa), the figure shows that wear is entirely corrosion-driven. In this regime, the surface
does not experience plastic deformation, and mechanical wear mechanisms are inactive. As the shear stress
increases beyond the shear strength but initial contact pressures remains below the materials hardness (5.2
GPa), the figure illustrates the emergence of a mixed wear regime. In this intermediate zone, both mechanical
and corrosive wear mechanisms contribute to material loss. Depending on the specific contact pressure within
this range, either mechanism may dominate; however, both are actively involved in the degradation process.
Once the contact pressure exceeds the hardness of the material, the figure shows that mechanical wear
dominates. The wear mechanisms shift decisively toward severe material removal through ploughing and
cutting. In this high-pressure regime, mechanical wear becomes the primary mode of material degradation,

thus the contribution of corrosive wear becomes negligible.
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Figure 8: a) Graphs showing the percentage between mechanical and corrosive wear for all initial contact pressures. The icons
represent the dominant wear type. b) Graph showing the boundaries between corrosion-dominated, mixed, and

mechanical-dominated wear as a function of initial contact pressure and shear stress.
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The results indicate that the variation in wear mechanisms at different scales could be a potential expla-
nation to the differing size distributions of debris observed in scratch tests compared to simulator-generated
debris [43]. This is highly important considering that it is well recognised that different types of debris trigger
distinct ion release and inflammatory responses [44] . A comprehensive understanding of wear mechanisms
across different scales, and their interconnected influence on wear particle formation and morphology, is
crucial for optimising the wear behaviour of implants. Therefore this knowledge is essential for enhancing

the longevity of orthopaedic devices and significantly improving patient outcomes.

4. Conclusion

This study comprehensively investigated the impact of macro and micro contact scales and shear stresses

on the tribocorrosive behaviour of CoCrMo alloy. The research findings have led to the following conclusions:

e This study has demonstrated a significant correlation between the initial contact pressure and the
tribological behaviour of the CoCrMo alloy. The findings underscore that the initial contact pressure

at the real contact are a critical determinant in influencing material behaviour and wear mechanisms.

e The results have demonstrated that mechanical wear remains the predominant wear mechanism up to a
critical transition point. The transition occurs when the applied shear stress approaches the material’s
inherent shear strength. At this point, the material can withstand the mechanical stresses without
experiencing plastic deformation. Consequently, the contribution of mechanical wear diminishes, facil-

itating a transition to corrosion-dominated degradation.

e COF as low as 0.05 were linked to rapid asperity shake-down and unconstrained plastic flow for
micro scale contacts, causing the material to deform easily. This process results in severe mechanical
wear, characterised by the formation of cracks and significant surface damage. Such wear profoundly

undermines the materials structural integrity and functional performance.

e Based on the SEM images and the tribocorrosive response of CoCrMo, this study suggests that debris
size distribution and morphology are dependent on contact pressure, which in turn is influenced by the

contact scale and load.

These insights underscore the importance of optimising contact conditions and surface interactions to
enhance the durability and performance of biomedical implants. We show that controlling localised stresses
can prevent transitions into damaging wear regimes, such as abrasive-dominated degradation. This insight
supports specific design strategies such as optimising surface curvature, contact geometry, and surface fin-
ishing, to better distribute load and reduce peak stresses. In turn, this helps minimise the generation of
wear particles, reducing the risk of osteolysis, and ultimately reducing the likelihood of implant loosening

over time.
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In addition, the results contribute to the development of predictive models for degradation behaviour by
establishing a clear link between contact scale, pressure, and dominant wear mechanisms. Given that material
performance was shown to be strongly scale-dependent, we recommend that standardisation authorities
incorporate multiscale tribocorrosion testing protocols when evaluating biomaterials for implant use, as
current single-scale approaches may overlook critical degradation modes relevant to in vivo conditions.

Further studies focussing on microstructural changes and their impact on particle formation and mor-
phology are suggested to deepen our understanding of the impact of degradation mechanisms to improve the

longevity of joint implants.
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