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Abstract

Modern hip prostheses feature a modular implant design with at least one tapered junction. This
design can lead to several complications due to the introduction of additional interfaces, which are
subjected to various loading conditions and micromotion. The main objective of current study is to
develop a fretting corrosion apparatus, which is able characterize the mechanical and
electrochemical behaviour of various existing metal alloy couples during fretting motion.

This study describes the design and the main considerations during the development of a novel
fretting corrosion apparatus, as well as determination of the machine compliance and the initial
testing results. Machine compliance considerations and frictional interactions of the couples are
discussed in detail. For the preliminary tests, metal alloy pins, made of Ti6Al4V and wrought
high-carbon CoCrMo were mechanically polished to a surface roughness of less than 20nm. 2 pins
(Diameter = 11mm) of either Ti6Al4V or CoCrMo were loaded onto a Ti6Al4V alloy rod at a
normal force of 200N. The interface types included: Ti6AI4V-Ti6AI4V-Ti6AI4V, Ti6AI4V-
Ti6Al4V-CoCrMo, and CoCrMo-Ti6Al4V-CoCrMo. The Ti6Al4V rod articulated against the
metal alloy pins in a sinusoidal fretting motion with a displacement amplitude of £50pum. Bovine
calf serum (30g/L of protein content) was selected as a lubricant and tested at 2 different pH levels
(pH 3.0 and 7.6). In all cases, current and friction energy were monitored during the fretting
process.

The results indicated distinct, material-specific current evolutions and friction energies. No
significant differences were observed in electrochemical or mechanical behaviour in response to
pH change. In general, Ti6AI4V-Ti6AI4V-Ti6Al4V couples displayed the earliest passivation and
superior electrochemical behaviour compared to Ti6Al4V-Ti6Al4V-CoCrMo and CoCrMo-
Ti6Al4V-CoCrMo under fretting conditions. In addition, fluctuations in current were observed in
specific regions at all instances where Ti6Al4V was coupled with Ti6Al4V. These fluctuations
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were not observed in instances where Ti6Al4V was coupled with CoCrMo. These findings suggest
transitions in the degradation mechanisms at the modular junction as a function of material
couples/contacts. The findings may assist in improving the current hip modular junctions.
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fretting-corrosion; modular junction; Ti6Al4V alloys; CoCrMo

1. Introduction

Annually, 250,000 Total Hip Replacements (THR) are performed in the USA with an
average lifespan of ten to fifteen years. As one of the most commonly performed surgical
procedures, this number is estimated to increase to 500,000 by the year 2030 [1]. The
complications related to THRs are typically early failure that occur within the first five years
after implantation in 10% of patients [2]. Thus, there is a high demand to get high quality,
economical and sustainable implants.

Several materials are currently being used for THR implants including ceramics, polymers
and metals. Modularity of these implants is very common and it provides flexibility to the
surgeon in the operating room [3]. In the human body, implants are exposed to adverse
biochemical and mechanical interactions [4]. Their design is defined by the specific anatomy
of the patient and consists of a tapered junction between femoral head and stem [5-8].
Modern hip implant prostheses feature at least one modular interface. Metal on Metal
(MOM) tapered junctions are most commonly used due to their high mechanical properties;
however, some of the current designs have shown fundamental difficulties in this complex
environment and it could become a potential source for early failure [9]. Several previous
studies on metal-on-metal implants reported corrosion and wear problems at the modular
junctions [3, 10-11]. The use of Ti and CoCrMo metal in THR has raised concerns over the
susceptibility of these metals to various forms of corrosion in association with mechanical
stimuli such as, mechanically assisted corrosion (tribocorrosion), stress assisted corrosion,
fretting-corrosion, and fretting crevice-corrosion under mechanical loading [12-17].

Generally, fretting-corrosion encompasses two contacting surfaces that are subjected to
small displacements (10-200um), depending on the area of contact. Several factors affect the
fretting-corrosion process including mechanical, electrochemical and environment [18].
Previous studies have shown that the mechanical disruption of the passive oxide layer on the
surface of the metallic biomaterial enhances the corrosion processes. Brown et al. [19-21]
has demonstrated in their in vitro studies that the relative micro-motion between highly
resistant metal alloys can lead to fretting-corrosion and release of metal ions. These may
have deleterious effects to the patient [22]. Subsequently, in the fretting-corrosion
phenomena, generated particles are transported through the contact area, leading to a severe
chemical and mechanical active degradation zone. Any localized corrosion process (crevice
or pitting corrosion) initiated during fretting may continue to accelerate even after the
fretting is stopped [15, 23-24]. According to Swamynathan et al [24], the oxide
repassivation inside the existing crevices with restricted fluid access results in the release of
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hydrogen ions and rise in acidity (HCI, H3POg), which combined with cation release, causes
a large deviation from normal physiological conditions [25].

When characterizing fretting-corrosion, the focus of the test method should be on
understanding this complex interaction between the mechanical and electrochemical
elements. As reported by Ingham et al. [26], the release of metal ions and particles from
implant devices into the surrounding tissue and their transport to remote organs has been
detrimental, highlighting possible adverse effects and symptoms. At present, the influence of
key parameters such as surface potential, normal and tangential load, surface geometry,
solution conditions, etc., on the fretting corrosion performance of metal-on-metal contacts is
not completely understood. Furthermore, there have been limited attempts to precisely
mimic the clinical conditions of the devices. Clinically, these devices are subjected to
variable contact conditions, variable pH levels, and multiple taper interfaces (unpredictable
contact area) are often present within the same device.

This investigation aims to develop a fretting corrosion apparatus, which is capable of
characterizing the mechanical and electrochemical behaviour of the modular junctions with
different metal alloy couples, under a complex contact geometry (flat-on-flat contact, similar
the modular junctions), at different pH levels, and a multiple tapered implant system. The
interface types included: Ti6AI4V-Ti6Al4V-Ti6Al4V, Ti6Al4V-Ti6Al4V-CoCrMo, and
CoCrMo-Ti6Al4V-CoCrMo.

2. Experimental details

2.1 Development of fretting set-up

A fretting-corrosion apparatus was developed specifically for evaluation of hip implant
modular junctions. The assembled view of the set-up and details of the tribcorrosion cell are
provided in Figure 1. More details of the experimental set-up is explained below

(@)

Rod and pin holder: The contact configuration features 2 flat pins, which are
loaded from both sides against a square rod. The tribological contact condition
was flat-on-flat, (Pins-on-rod from both sides), to simulate the contact
conditions at hip modular junctions. Although this design could potentially lead
to problems with alignment and calculations of applied stress and contact area,
the reproducible results and surface analysis suggest that optimal alignment was
achieved and that any differences in contact area (resulting from asperities on
the contacting surfaces) were not a major influence on the results.

The rod is then attached to a linear actuator, which imposes a linear micro
motion onto the rod, against the pins. The pin holder, made of PEEK, is
specifically designed to be used for electrochemical measurements as it is
electrically non-conductive, and chemically inert. All components of the
electrochemical cell should be non-conductive and chemically inert (with the
exception of the test material, the counter, and the working electrode) in order to
isolate the effects to the test material. The pin holder allows for electrical
connection with the pin through wires emanating from the back of the pin. It is
very important to isolate these wires from the electrolyte solution in order to
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measure the distinct properties of the pins. The wires should only be in electrical
contact with the solution through the metallic pins (in series). This can be done
by placing an O-ring around the pin interface to prevent any solution leakage
into the pin holder. The aforementioned wire, connects the working electrode
(pins) to the potentiostat, which provides the electrochemical measurements.

Fretting bearing: The pin holder is connected to a fretting hinge system which
allows for lateral deflection but heavy resistance in the vertical direction (see the
Figure 1). It is very important that the hinge system confers high rigidity in the
tangential direction. Otherwise, it will be incapable of relaying the micro motion
onto the articulating surfaces.

Load frame: A load frame, placed horizontally, allows for the application of the
normal load through a spring-loaded compression system (Figure 1). The load
frame contains a load cell (Loadstar Inc, CA), which measures the applied axial/
normal force of the pins onto the square rod. The load frame is mounted onto the
designated hinges of the bearings, which applies the specific axial load to the
pin-rod interface. Changes in axial/normal load are constantly monitored in real-
time with the data acquisition software supplied with the load sensor
(ControlVUE, Loadstar, CA), and adjusted as necessary.

Vertical motion (fretting): The vertical motion is provided by any suitable
actuator linear actuator. In this case, an Instron servohydraulic testing machine
(Model 8871, Instron, Canton, Massachusetts) was used. Resultant load and
displacement should be recorded by the data acquisition system. The top end of
the rod is attached to the testing machine through a polymer (PEEK) ring. This
allows for electrical insulation of the rod from the rest of the Instron Machine.

Fretting-corrosion cell: The corrosion cell is made of polysulfone, which is
suitable for sterilizatiomn after the test if necessary (Figure 1). The cell is
mounted onto the pin holders from both sides and filled with the electrolyte
solution (60-70 ml). The corrosion cell is double-walled and designed to allow
circulation of externally heated fluid through the second wall in order to heat the
internal fluid. This ensures that the temperature of the internal fluid will be
maintained at the required temperature (37°C) without the need for circulating
the internal fluid or incorporating an internal heating mechanism. It is
preferential to maintain the temperature of the internal electrolyte in this manner
since any direct placement of a heating component into the electrochemical cell
can interfere with the measurements due to the electromagnetic noise it can
generate and the conductive components it introduces.

2.2 Sample Preparation

CoCrMo alloy and Ti6Al4V alloy were selected for the current investigation due to their
frequent use in hip implant systems. The chemical compositions of the alloys are shown in
the Table 1. In all tests, two cylindrical pins of either CoCrMo alloy or Ti6Al4V alloy
(12mm diameter and 7mm thickness) articulated against a Ti6Al4V rod in flat-on-flat
contact at an oscillatory frequency of 1Hz, with a nominal contact pressure of 1.73MPa. It is
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important to note that the actual contact pressure could not be determined due to the flat-on-
flat contact used in these tests. Each testing condition was performed three times (N=3) to
ensure repeatability. Prior to testing, all rods and pins were wet-ground using a series of
silicone carbide grinding papers (up to #800). Following the wet-grinding procedure, the
CoCrMo pins were brought to a mirror finish (Ra<25nm) with 6um Polycrystaline Diamond
Suspension (Beuhler, Lake Bluff, IL, USA) followed by 1uym polycrystaline diamond
suspension (Beuhler, Lake Bluff, IL, USA). The Ti6Al4V pins were brought to a mirror
finish (Ra<25nm) with 9um diamond paste (Beuhler, Lake Bluff, IL, USA) and MetaDi
fluid (Beuhler, Lake BIuff, IL, USA), followed by polishing with colloidal silica suspension
(Beuhler, Lake Bluff, IL, USA). The Ti6Al4V rods did not undergo any further polishing
procedure beyond the wet-grinding. Before testing, all samples were ultrasonically cleaned
with 70% isopropanol for 10 min, rinsed with deionized water and dried with nitrogen gas.

Compliance Evaluation

Before any testing could be done, the compliance of the test system had to be determined in
order to know the deviation between the specified displacement (Xspec), input into the test
system, and the actual real displacement (Xreal) between the articulating surfaces. In this
case, the test system has two components, a linear actuator, and a tribocorrosion cell
attachment. The real displacement (Xreal) at the pin-rod interface depends on the
compliance of the linear actuator, the tribocorrosion cell attachment (Xcell), and elastic
behaviour (Xelastic) of the Ti rod and CoCrMo pins and PEEK pin holder.

Xreal=X spec—(Xcell+Xelastic (Tiroa+CoCrMo or Ti6Al4V i +PEEK holder))

This shows that Xreal could be largely offset from Xspec, which is dependent on the rigidity
of the set-up components, particularly at high axial load. In order to identify the relationship
between the input and output parameters, the following machine compliance study was
conducted.

@) Method: For these experiments, the machine compliance has been studied by
conducting a series of experiments under displacement control, at a fixed
displacement (Xspec: + 50 um). An increasing amount of axial load (50, 100,
200, 400, 800N) was applied, until the sliding/fretting distance reached a value
of approximately zero. Three metal couple combinations were tested (i)
CoCrMo-Ti6Al4V-CoCrMo (Co-Ti-Co) (ii) Ti6AI4V-Ti6Al4V-CoCrMo (Ti-Ti-
Co) (iii) TiBAI4V-Ti6AI4V-Ti6AI4V (Ti-Ti-Ti). The experimental set-up is
presented in Figure 2(a). The input parameters consisted of the axial load (AL)
and specified displacement (Xspec). The measured output parameters consisted
of the tangential load (TL) and real displacement (Xreal). The corresponding
tangential load was recorded from the hysteresis loop recordings from the
servohydraulic linear actuator. Similarly, the real displacement (Xreal) was
determined from the hysteresis loop behaviour and verified with values from the
laser extensometer. Then, the relationship between specified displacement
(Xspec) and real displacement (Xreal), was expressed as percentage variation of
displacement (%X)
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(b) Results: A series of hysteresis loops were plotted as a function of axial load for
each of the three metal combinations. Representative curves (Co-Ti-Co couple)
are presented in Figure 2(b). Figure 3(a) and Table 2 show the relationship
between applied axial load and the response of the tangential load. The
compliance of the system can be estimated from these relationships of axial/
normal load (input variables).

Figure 3(b) shows the relationship between specified displacement (Xspec) and real
displacement (Xreal) as a function of axial load. Figure 3(c) shows the percent variation
between the specified displacement and real displacement as a function of applied axial
load. The values have been estimated according to the formula shown above. In these
experiments, the sliding/fretting distance reached a value of approximately zero in all
couples at 800N applied load (Figure 3(b)). This behaviour can also be seen in the behaviour
of the hysteresis loops (Figure 2(b)). The load used in the original experiments was 200N,
which showed a variation of 52% for the Co-Ti-Co couple, 63% for the Ti-Ti-Co couple,
and 85% for the Ti-Ti-Ti couple (Figure 3(c) and Table 2). At loads higher than 200N, the
variation is significantly higher.

2.4 Initial study: Fretting-corrosion of mixed metal- alloy couples under potentiodynamic

mode

Fretting-corrosion tests were conducted under potentiodynamic conditions in order to
evaluate the corrosion process in response to mechanical stimulation under a constantly
changing potential, which is representative of the physiological environment. A potentiostat
(G300, Gamry Inc., Warminster, PA) was used to induce a voltage range in all of the metal
alloys in the coupled system, from —0.8V to 1.8V, at a scan rate of 2mV/sec and measure the
change in current at the corresponding voltage. The experimental design was carried out
with various combinations of metal couple types and 2 pH levels (Figure 4). In order to
simulate a multiple modular junction interface the following couples were tested: Ti6Al4V-
Ti6AI4V-Ti6AI4V (Ti-Ti-Ti), TiAI4V-Ti6Al4V-CoCrMo (Ti-Ti-Co), and CoCrMo-
Ti6Al4V-CoCrMo (Co-Ti-Co).

The experimental set-up details were explained earlier in section 2.1. The test chamber
contained two cylindrical pins of either CoCrMo allays, Ti6Al4V alloy, or the combination
of the two. The preparation protocol for the samples was explained earlier in section 2.2.
The polished, flat ends were loaded against a Ti6AI4V rod at a normal force of 200N
(Figure 1) within a test chamber. The Rod underwent a displacement of £50um. The
electrolyte consisted of a diluted bovine calf serum (BCS) with a protein concentration of 30
g/L. In order to achieve this concentration, the BCS (initial protein concentration of 67 g/L
(Newborn Calf Serum, Lot # 1231358, Gibco Inc., Grand Island, New York) was mixed
with a solution of deionized water combined with NaCl (9 g/l), Tris (27 g/l), EDTA (200
mg/1), and enough HCI to bring the solution to pH 7.6. This solution was then separated and
used to create a pH 3.0 variant by adding lactic acid. The electrochemical component of the
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test chamber consisted of a three-electrode electrochemical cell, which utilized a saturated
calomel electrode (SCE) as the reference electrode (RE), a metal sample as the working
electrode (WE), and a graphite rod as the counter electrode (CE). Tangential load, and
current evolution were monitored throughout the test.

In general, all three combinations showed differences in both electrochemical and
tribological behavior. Figure 5 shows the potentiodynamic curves of Ti-Ti-Ti, Ti-Ti-Co, and
Co-Ti-Co couples at the two tested pH levels. Potentiodynamic tests indicated several
interesting variations in the electrochemical nature under tribocorrosive (fretting-corrosion)
exposure. Ti-Ti-Ti couples displayed the earliest passivation and the superior
electrochemical behavior. The Ti-Ti-Co couple and the Co-Ti-Co couples exhibited very
similar electrochemical behaviour under fretting conditions. Both couples displayed a trend
towards pitting behavior at higher/anodic potentials; however, Ti-Ti-Co displayed
fluctuations in current (indicative of the reciprocating fretting motion and its effect on the
passivation) at certain potentials. Interestingly, Co-Ti-Co did not display any clear indication
of the fluctuations in current. This suggests that a direct contact between Ti6Al4V and
Ti6AIl4V is the main cause of the high fluctuations in current. All tests and subsequent
repeats displayed similar current fluctuations at the same potential regions. Although the Co-
Ti-Ti and Co-Ti-Co displayed extremely similar behavior, it is evident that there was a shift
towards a higher current density with increasing CoCrMo content in the system. The pH
variation did not show significantly different behavior between pH 3.0 and pH 7.6.

The fretting hysteresis loops (tangential load vs displacement) are presented in Figure

6. .Analysis revealed that all metal couples (Co-Ti-Co, Ti-Ti-Co, Ti-Ti-Ti) displayed
different characteristics in tangential load vs. imposed displacement; however, no
differences were seen between the 2 pH levels. Figure 6(A-E) shows the hysteresis
behaviour (tangential load vs displacement) from a single cycle as a The evolution of
hysteresis behaviour throughout the entire experiment, is shown in Figure 6(F-J). There was
an inverse relationship between the amount of Ti alloy present in the interface and the cross-
sectional area of the hysteresis loops.

The energy ratio, as defined by Mindlin and Deresiewicz [27], is the coupled elastic-sliding
response inducing a hysteresis tangential force vs. displacement loop evolution in ball on
flat contacts [28] The area of the curve corresponds to the mechanical energy dissipated
during the cycle. This relationship was used to characterize the fretting regime. Figure 7
shows the energy ratios of the various coupled alloy systems throughout the imposed fretting
motion at the imposed displacement of £50um. Analysis of the energy ratios reveals that at
the imposed fretting amplitude, only the Ti-Ti-Ti coupled system exhibited partial-slip
behaviour (energy ratio < 0.20) throughout the entire test. The Ti-Ti-Co coupled system
exhibited both partial slip and gross slip characteristics and the Co-Ti-Co coupled system
exhibited only gross slip behaviour. 1t’s worth noting that the results depend on the
frequency of recording (i.e. 10 Hz in these tests) and on the sensitivity of the tangential load
sensor. These parameters have been considered as constant during experiments.
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Interestingly, the friction plateau was not constant and varied as the imposed potential of the
system was changed.

Figure 8 shows the total friction energy loss throughout the entire imposed fretting motion,
calculated as the sums of all the individual areas of the hysteresis loops. The Ti-Ti-Ti
couples displayed the lowest dissipated friction energy, followed by Ti-Ti-Co and Co-Ti-Co,
respectively. In essence, a high dissipated friction energy was associated with the presence
of CoCrMo. Figure 9 shows the evolution of dissipated friction energy as a function of
potentiodynamic behaviour of the various metal couples and pH levels. There was a direct
relationship of dissipated friction energy in response to increasing anodic potential/
electrochemical conditions.

3D-profilomotric images of worn surfaces of the pins were taken using a white-light
interferometer (Zygo New View, 6300), Figure 10. The images show that Ti alloy pins have
deposits and/or plastic deformation on the surface. The CoCrMo pins show pitting and
removal of material from the surface. Also, Ti alloy shows deposits with higher peaks at pH
7.6 compared to pH 3.0, and CoCrMo shows deeper valleys at pH 7.6 compared to pH 3.0.

4.0 Discussion

The results indicated distinct, material-specific, current evolution and friction energy, as a
function of material couples/contacts. Some of observations are detailed below:

4.1 Behaviour of the metal couples under tribocorrosion-potentiodynamic mode

The corrosion potential, Ecorr, is the potential at which the test sample is at equilibrium
between the anodic and cathodic reaction and hence, there is no flow of current. An
important contributing factor to the corrosion of the metal alloy is the passivation behaviour
of the metal. Where there is no passivation, and an anodic current increases in direct
response to increasing potential. Passivation causes a deviation from linear response.
Instead, a plateau in current is seen or sometimes a slight decrease in current is seen with
increasing potential. Some point, the potential can be anodically increased to the extent that
even the protectiveness of the passive film is negated and there is an increase in current flow
in response to the increasing potential. The relative amount of current recorded is used to
qualitatively assess the extent of corrosion occurring in the system. The evolved current
which occurs at potentials higher than the corrosion potential leads to corrosion and pitting
of the material. The potential where this behaviour is observed is called the pitting potential.
Often the difference in voltage between the Eq and the breakdown potential are used to
assess the corrosion behaviour of the material.

A relative comparison of Figure 9 reveals that Ti-Ti-Ti contacts show the earliest deviation
from the linear response, indicating that the Ti-Ti-Ti couples formed a passive film before
the other couples. Furthermore, the Ti-Ti-Ti contact did not show increases in current in
response to higher anodic potentials, indicating that the passivation behaviour was stronger
and the breakdown potential higher. Overall, the Ti-Ti-Ti couple displayed the best
corrosion kinetics. The Ti-Ti-Co and the Co-Ti-Co couples displayed very similar corrosion
kinetics and breakdown potential at approximately 0.75V (vs. SCE); however, there was an
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increase in current flow in response to increasing CoCrMo character indicating that CoCrMo
induced higher amounts of corrosion and dissolution than Ti6Al4V under fretting
conditions.

4.2 Evolution of dissipated friction energy as a function of electrochemical potential

It has been well documented that these load/displacement relationships are directly related to
stress distributions, which alter the degradation mechanism. [28] Various regimes have been
defined to describe these relationships. A partial slip regime corresponds to an elastic-sliding
response with a contact point on the surface of the tested material surrounded by a pulsing
sliding annular domain. Gross slip is defined by a full sliding period contact, which causes
energy dissipating into the environment. Under partial slip regime, the hysteresis loop
appears thin and elliptical as opposed to a gross-slip where the loops looks quadratic. The
partial slip domain leads to a fretting-fatigue related failure of the material and gross slip
leads to wear related failure. [28]

Figure 6 shows the hysteresis loop behaviour of the tangential load/displacement
relationship of the three coupled systems and the relationship between the two tested pH
levels. The cross-sectional area within these loops corresponds to the dissipated friction
energy of the system. In general, there was no significant differences between pH. There
was a very strong influence of the chosen material on the friction energy of the system
(Figures 6, and Figure 8). Ti-Ti-Ti displayed the lowest dissipated friction energy, followed
by Ti-Ti-Co and Co-Ti-Co respectively. The CoCrMo-Ti6Al4V contact increased the
friction energy of the system. This effect was so strong that the contact mechanics changed
and there was a shift in the degradation mechanism from partial slip to increasing levels of
gross slip with increasing CoCrMo-Ti6Al4V contact (Figure 7). This suggests that Ti-Ti-Ti
couples are more likely to fail due to fretting fatigue and Ti-Ti-Co and Co-Ti-Co couples are
more likely to fail due to fretting corrosion.

4.3 Mechanistic transitions and Practical implications pertaining to metal couples used in
modular junction

Previous studies have shown that there is a direct relationship between applied potential and
the friction energy associated with the system.[29-30] In addition, previous studies have
shown that there is a significant effect of tribocorrosive stimulation on the potentiodynamic
behaviour of passive metals. [29-30] The important findings in this study are the current
fluctuations which are consistently present at specific potentials in Ti6AI4V-Ti6AlI4V
interfaces (Figure 5). These fluctuations could be evidence of a repassivation potential
region of Ti6AI4V, which are normally not seen in potentiodynamic curves of Ti6Al4V due
to strong initial passivation behaviour.[31-33]

The fretting motion may provide enough passivation disruption to allow this repassivation
region to become visible and fluctuation current magnitude indicate significantly high
values. Ti alloys are known for their superior electrochemical properties; however, they
have an inherent weakness in mechanical characteristics such as hardness compared to
CoCrMo alloy. Hence, one would expect the CoCrMo couple to exhibit superior behaviour,
but as the findings indicated, Ti-alloy could sideline its mechanical weakness through its
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superior electrochemical nature, under certain fretting condition. In contrast, higher
fluctuations of current may increase the metal ion release, which could lead to weaker
mechanical properties and increase the mechanical damage. Hence further studies (fretting-
corrosion under postentiostatic and free-potential mode) are required to verify these
findings.

Overall, the findings suggest that Ti-Ti-Ti couples display the most favourable
electrochemical and tribological properties under certain fretting conditions. In general,
several patterns of current variation and dissipated friction energy response were observed
during the fretting process. Unlike previous studies, this study determined the pH variation
(pH 3.0 and pH 7.6) did not induce a deviation in the electrochemical behavior. It is well
known that the pH variation does impact passivation and potential change. The artificially
controlled potential levels overcame the electrochemical effects of the solution to control the
passivation.

It is worth noting that coefficients of friction and the compliance of the system may explain
the results presented; however, these are specific effects that are dependent on the material
properties. The aim of this work was to emphasize the universal effects of choosing various
material couples and to postulate how these can materials can behave in clinical settings. For
example, it is evident from the data that Ti6Al4V undergoes more elastic deformation and
contributes much more to compliance of the system than CoCrMo. These are specific effects
that can be directly attributed to the lower Young’s elastic modulus of the Ti6Al4V
compared to the CoCrMo (113GPa vs 240GPa, respectively)[34] as well as the increased
friction coefficient in Ti-Ti interfaces[24]. This study attempts to evaluate these effects in a
much more broad perspective. In that respect, one can conclude that identical normal loads
and displacements will have different effects in different couples, and therefore their failure
mechanism can transition. In this case, the Co-Ti interfaces had a smaller compliance and
more dissipated friction energy compared to Ti-Ti. This suggests that, Co-Ti couples would
be more likely to fail by an abrasive wear mechanism and would therefore also experience
more passivation layer disruption. In contrast, the Ti-Ti couples would undergo more elastic
deformation and would have a higher compliance. Therefore, there would be less
passivation disruption, less current, and the method of failure would more likely be a fatigue
mechanism.

In general, the synergistic interactions of the fretting and corrosion processes have to be
equally considered when selecting modular joint materials. The total degradation will be
driven by the dominating mechanism, based on the nature of materials in contact and this
could be influenced by the chemical nature of the surrounding environment. Hence, in
modular junctions, material couple selection is a critical factor. It is important to mention
that these findings are based on short duration fretting-corrosion tests. Long duration tests
are necessary to verify these findings. The local changes of pH levels (even at interface)
were not monitored and it can be different from the surrounding reported pH levels. Further
studies will be performed by considering more clinically relevant factors, such as in a
bioreactor setting, in order to solve the clinical concerns of the patients and clinicians. It is
also worthwhile to consider a model which precisely represents the degradation process at
modular junctions, by considering the mechanical, chemical and electrochemical variation.
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4.4 Limitations of the Study

There are several limitations to this study. Firstly, in order to simulate a contact geometry, a
flat-on-flat contact was used; however, with this geometry it is not possible to know the
exact contact pressure. These tests were conducted with nominal contact pressure in mind. It
is possible that at the start of the tests, only a few very small points were in contact which
would lead to underestimation of the contact pressure, and exact contact area increased as
the material was degraded, giving a lower contact pressure at the end of the test. Another
issue is that the Ti-Ti-Ti system is the most deformable system due to the material properties
of Titanium.[34] It is unclear whether this deformation is directly translatable into the
clinical situation with a taper. In particular, the Ti pins might perform better because they
see less fretting motion compared with CoCr (due to higher deflection). In fact, as shown by
the compliance study, the Ti-Ti-Ti couples showed a reduction in relative displacement of
approximately 85%, followed by Ti-Ti-Co (approximately 63%), and finally Co-Ti-Co
couples showed a reduction in displacement of approximately 52% under identical testing
conditions. Even though Ti-Ti compliance severely hindered the imposed motion amplitude
compared to the Co-Ti couples, they demonstrate how certain motions and forces can
severely alter the electrochemical and mechanical degradation mechanisms of materials, in
this case, overcoming the mechanical weakness of Ti. Another limitation to this study was
that the energy ratio used to determine the fretting regime, was never proven for flat-on-flat
contact. It is possible that a different transition criteria exists in flat-on-flat contact; however,
the principle of transferred energy is still valid, it is just a matter whether the value of 0.2 is
valid. Additionally, in these tests, the normal load of 200 N has shown very distinct
relationships in electrochemical and mechanical behavior; however, different normal loads
may influence the energy ratio and produce different results. Finally, these tests were
conducted at less than 1400 cycles, which are short duration tests. Under long duration
stimulation, these materials may exhibit different results.

5.0 Conclusions

In this investigation, a fretting-corrosion apparatus was developed for the specific
application of hip modular junctions and an initial study was conducted on the three
different metal alloy couples, used for the hip prostheses. Machine compliance and frictional
interactions of the metal alloy couples played a role in determining the tribocorrosion
behaviour and mechanistic transitions. Based on the tested conditions, Ti-Ti-Ti couples
displayed the most favourable electrochemical and tribological properties. However, higher
fluctuations of current may increase the metal ion release and mechanical damage. Hence
further studies (fretting-corrosion under postentiostatic and free-potential mode) are required
to verify these findings. The resultant findings could assist in improving the current
limitations of the hip modular junctions.
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A

Fretting-Corrosion Tests

Square rod
under micromotion

i Springs
To p View Sample holders Load Sensor

Bearings

Figure 1.
(a) Fretting corrosion test chamber with a square rod undergoing micro motion against two,

axially loaded, metallic pins. Electrode configuration consists of metallic pins coupled with
the rod as the working electrode (WE), a graphite rod as the counter electrode (CE), and a
saturated calomel electrode as the reference electrode. (b) Top view of the complete setup,
including the load frame, which applies load axially onto the bearings. The bearings transmit
the load through the sample holders, to the pins, onto the rod. The applied load is measured
by a load sensor.
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Figure 2.
The experimental set-up for the compliance study and (b) the effect of axial load on the

hysteresis behaviour for a Co-Ti-Co couple. Note that the sliding/fretting distance reached a
value of approximately zero in all couples at 800N applied load.
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Figure 3.

The data from the mechnice compliance study including: (a) the relationship between
tangential load and normal load from the experimental set-up for each coupe type, (b) the
specified displacement (Xspec) and the resultant real displacement (Xreal) a function of
axial load for each couple type, and (c) the percentage variation of displacement amplitudes

for each couple type.
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Figure 4.

Experimental schematic of fretting corrosion tests under potentiodynamic mode.
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Potentiodynamic curves of Ti-Ti-Ti, Ti-Ti-Co, and Co-Ti-Co couples at (A) pH 3.0 and (B)
pH 7.6. Fluctuations in current can be consistently seen at specific regions of the curve.

Tribol Int. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Royhman et al. Page 20
Y CoTiCo  (—yg | * TiTi-Co sao TeTiTi = | % 0 pH3O  —wne
iy _f"” — H30 TTiCo
20 e 20 =& 20 20 20 =3t
100 100 100 100 100 A
) ) ) € € o
° ° ° ° °
[ 1] [ ] o
LR S 00 § -0 5 10 § 00
& 17
200 20 F 20 200 20 °©
004 : 3004 a0l 3004 3001
006 004 002 000 002 004 0.06 006 004 002 000 002 004 006 006 004 002 000 002 004 006 006 004 002 000 002 004 006 006 004 -002 000 002 004 006
Displacement (um) Displacement (um) Displacement (um) Displacement (um) Displacement (um)
CoTiCo Ti-TiCo TeTHT PHTG PH30
&y i e o @
p— —_ —_ vCo
200 - 200§ — 30 200§ — 1o
150 160] 150] — W
100§ & 100{ @ 100
501 501
g 04 g 04
e 29/
1001 [ 4001
4507 4501
! !

Figure 6.
(A-E) Hysteresis loops (tangential load vs displacement) from a single cycle, shown as a

function of couple type (Co-Ti-Co, Ti-Ti-Co, Ti-Ti-Ti) and pH level (3.0 and 7.6). (F-J) The
evolution of hysteresis behavior throughout the experiment, shown as a function of couple
type (Co-Ti-Co, Ti-Ti-Co, Ti-Ti-Ti) and pH level (3.0 and 7.6).
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Energy ratio evolution throughout the fretting test.
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Figure 8.
Total friction energy loss throughout the entire imposed fretting motion.
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Evolution of dissipated friction energy as a function of potentiodynamic behavior of various
metal couples (Ti-Ti-Ti, Ti-Ti-Co, and Co-Ti-Co) at normal and acidic pH levels (7.6 and

3.0).
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Figure 10.
3D-profilometric images of worn surfaces of the pins (Ti and CoCrMo alloy) using a white-

light interferometer (Zygo New View, 6300). The images show that Ti alloy pins have
deposits and/or plastic deformation on the surface. The CoCrMo pins show pitting and
removal of material from the surface).
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Table 1

Chemical composition (in wt %) of the metal alloys used in the study.

Composition (in wt%)

Ti Al \Y C Fe 0, N, H,
Ti Alloy
89.62 6.1 40 0.004 016 0.106 0.008 0.0022
Co Cr Mo Si Mn Al
CoCrMo Alloy

0.241 6460 2763 6.04 066 070 0.02
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Table 2

Page 26

Data output from the machine compliance study in displacement control. Standard deviations are listed in the

parentheses (where applicable).

Normal

Tangential

Xspec

% variation in

Load(N) load(N) (um) Xreal (um) displacement
50 47.6 (1.8) 50.0 45.3(0.4) 9.5(0.7)
100 65.1(14.1) 500  415(36)  17(7.1)
Co-Ti-Co 200 1436 (1.2)  50.0 24 (1.4) 52 (2.8)
400 235.8(21.0) 50.0 5.5(0.7) 89 (1.4)
800 275.7(10.9) 50.0 0.75 (0.4) 98.5(0.7)
50 54.3 (6.1) 50.0 40.75(2.5) 18.5(4.9)
100 126.3(36.5) 50.0 31.5(2.9) 37(5.7)
Ti-Ti-Co 200 181.1(32.8) 50.0 18.5(2.1) 63 (4.2)
400 261.6 (15.7) 50.0 25(0.7) 95 (1.4)
800 285.1(16.3) 50.0 1.0 (0.0) 98 (0.0)
50 61.7 (6.8) 50.0 36.25(8.2) 27.5(16.3)
100 160.6 (29.3) 50.0 23.25(5.3) 53.5(10.6)
Ti-Ti-Ti 200 220.5(15.5) 50.0 13.0 (2.3) 85 (4.2)
400 274.2 (23.0) 50.0 1.0 (0.0) 98 (0.0)
800 294.2 (22.7) 50.0 0.5(0.0) 99 (0.0)
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