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Background: Recently, there has been increasing concern in the orthopedic community over
the use of hip implant modular devices due to an increasing number of reports of early
failure, failure that has been attributed to fretting-corrosion at modular interfaces. Much is
still unknown about the electrochemical and mechanical degradation mechanisms
associated with the use of such devices.

Purpose: Accordingly, the purpose of our study was to develop a methodology for testing
the fretting-corrosion behavior of modular junctions.

Methods: A fretting-corrosion apparatus was used to simulate the fretting-corrosion
conditions of a CoCrMo hip implant head on a Ti6Al4V hip implant stem. The device
features two perpendicularly-loaded CoCrMo pins that articulated against a Ti6Al4V rod. A
sinusoidal fretting motion was applied to the rod at various displacement amplitudes (25,
50, 100, 150 and 200 pm) at a constant load of 200 N. Bovine calf serum at two different pH
levels (3.0 and 7.6) was used to simulate the fluid environment around the joint.
Experiments were conducted in two modes of electrochemical control - free-potential
and potentiostatic. Electrochemical impedance spectroscopy tests were done before and
after the fretting motion to assess changes in corrosion kinetics.

Results: In free potential mode, differences were seen in change in potential as a function
of displacement amplitude. In general, Vp,,p, (the drop in potential at the onset of fretting),
VEretting, (the average potential during fretting), AVrretting (the change in potential from the
onset of fretting to its termination) and Vgecovery (the change in potential from the
termination of fretting until stabilization) appeared linear at both pH levels, but showed
drastic deviation from linearity at 100 pm displacement amplitude. Subsequent EDS
analysis revealed a large number of Ti deposits on the CoCrMo pin surfaces. Potentiostatic
tests at both pH levels generally showed increasing current with increasing displacement
amplitude. Electrochemical impedance spectroscopy measurements from free potential
and potentiostatic tests indicated increased levels of resistance of the system after
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induction of the fretting motion. In free potential tests, the largest increase in impedance

was found for the 100 pm group.

Conclusions: We conclude that the 100 ym group exhibits deviations from linearity for
several parameters, and this was most likely due to adhesive wear between Ti6Al4V and
CoCrMo surfaces. Overall, the degradation of the system was dominated by wear at all pH
levels, and displacement amplitudes.

© 2016 Published by Elsevier Ltd.

1. Introduction

Metallic biomaterials such as Ti alloys and CoCrMo alloys are
widely used in total hip arthroplasty (THA) due to their
relatively high biocompatibility, strong resistance to degrada-
tion when in contact with biological milieu and the absence of
hypersensitivity responses in surrounding tissue (Huber et al.,
2009; Hallab et al., 2001).These properties have been primarily
attributed to the presence of a passive oxide film that sponta-
neously forms on the surface of these medical alloys (Hodgson
et al., 2004; Lavos-Valereto et al., 2004). This passive film is
typically a few nanometers thick and provides protection
against corrosion, i.e., metal dissolution into the surrounding
electrolytic environment. All metals in contact with biological
systems undergo corrosion albeit, some at a much slower rate
than others (Billi et al.,, 2012; Brown and Merritt, 1981). When
the passive layer is removed, for example by a chemical or
mechanical process, the result is increased dissolution of metal
ions (Celis et al., 2006). Under mechanical stimulation, the oxide
film on the surface can become abraded, exposing the bulk
underlying alloy to the electrolytic environment, which leads to
reactions that increase the corrosion rate (Barril et al., 2002;
Swaminathan and Gilbert, 2012). These metal ions can activate
the immune system by aggregating with endogenous proteins,
which could cause an immune response and promote derma-
titis, urticaria, and vasculitis (Hallab et al., 2009).

In addition to providing protection against corrosion, the
surface oxide layer has properties that are different from those
of the bulk alloy, and therefore may influence the mechanical
behavior of the implant (Goldberg and Gilbert, 2004). This
oxide film and its properties are influenced by the electrical
potential of the metal (Swaminathan and Gilbert, 2012; Barril
et al., 2004; Brown et al., 1988). Therefore, the passive film and
its potential-dependent properties have an important role in
the electrochemical and the mechanical behavior of the alloy
surface (Swaminathan and Gilbert, 2012; Barril et al.,, 2004;
Brown et al., 1988).

Modern hip prostheses feature a modular implant design
with a tapered junction between the head & femoral neck,
which gives the surgeon flexibility in implant assembly and
reduces inventory (Cook et al., 1994). Despite their apparent
benefits, however, there have been an increasing number of
reports of implant failures due to the modular design, which
has alarmed orthopedic patients and clinicians (Cook et al,,
1994; Chandrasekaran et al., 1999; Cook et al., 2013; Brown
et al.,, 1995). Currently, approximately 400,000 hip replace-
ments are performed each year, and the implants have an
average life span of approximately 15 years. Hence, multiple

revision surgeries may be required during the lifetime of a
patient, particularly a younger patient (Kurtz et al.,, 2014).
Most hip prostheses use metal-based alloys (Ti and CoCrMo)
for femoral stems and heads (Rodrigues et al., 2009; Hu et al.,
2014; Gilbert et al., 1993).

If two contacting surfaces (such as Ti and CoCrMo in hip
prostheses) are subject to minute relative movements that
result from the repetitive loading conditions of the implant, a
special mode of wear, termed “fretting,” occurs. Since ortho-
pedic implants are made of metallic components, increased
corrosion also often occurs due to increased surface area and
local chemical changes that favor metal ion dissolution and
corrosion (Brown et al., 1995; Gilbert et al., 2009).

Additionally, any existing crevice at a modular junction
provides favorable conditions for corrosion (Brown et al., 1995;
Gilbert et al., 2009). Numerous reports have presented evidence
of the combined action of fretting and corrosion at modular
junctions of hip retrievals and the researchers attempted to
gain a better understanding of the degradation process
(Chandrasekaran et al., 1999; Cook et al., 2013; Brown et al.,
1995; John Cooper et al., 2012; Kop and Swarts, 2009). The end
result of these processes can be adverse biological reactions,
which can cause implant failure in patients and several other
complications (John Cooper et al., 2012; Cooper et al., 2013).

Some of the complications of metal ion release include:
pain, soft tissue pseudotumour, instability and asymptomatic
lesions (Cooper et al., 2013; Whitehouse et al., 2015). Several
aseptic failures have been attributed to immunologically
determined tissue reactions such as: necrosis, perivascular
lymphocytic aggregates, vasculitis and osteolytic lesions
(Hallab et al., 2001). This suggests that hypersensitivity of
tissues to metals plays a role in aseptic loosening.

It's necessary to investigate these modular interfaces in
order to increase our understanding of their degradation
mechanisms so that early failures and adverse effects in
patients can be avoided; especially with regards to the
synergistic interactions between wear and corrosion, which
can accelerate the degradation process (Mathew et al., 2012).

Although wear and corrosion are each well-established
study areas for biomedical applications, their interaction is
not yet well-understood. Therefore, our study addresses the
following questions: How is material loss influenced by the
fretting regime and how does it affect the corrosive potential?
To what extent do fretting and corrosion accelerate each other
(i.e, act synergistically? Is the synergy influenced by the
generated wear and corrosion products? Can a synergistic
model help in the identification of implant failure pathways?).
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Our study is focused on these key questions. Our study of
fretting/corrosion includes evaluation of implant materials
using in situ electrochemical and mechanical testing. A novel
tribocorrosion testing system, which was described by us in a
previous study, (Royhman et al.,, 2015) was used to precisely
mimic and evaluate the degradation conditions present at the
modular junction. The most notable feature in this fretting
corrosion system, which separates it from previous systems, is
its use of dual, perpendicular loading and “Flat-on-flat” contact
geometry, which better approximates the complex modular
geometry compared to standard “ball-on-flat” or “cylinder-on-
flat” or “pin-on-flat” designs. Our novel system allows for the
formation and retention of tribofilms, which would otherwise
get sheared out of the contact area under higher loads
(Wimmer et al., 2015) caused by the contact conditions of the
aforementioned devices, as well as formation of crevices
(oxygen depleted regions) on the surface (Brown et al., 1995;
Griess, 1968; Levine and Staehle, 1977). The aims of our study
were: (i) To identify potential fretting regimes and characterize
the tribocorrosion behavior of the Ti and CoCrMo alloys as a
function of pH and displacement, (ii) to determine the electro-
chemical characteristics of the metal interface and the varia-
bility of the corrosion kinetics as a function of pH and
displacement under potentiostatic conditions, and (iii) to
determine the synergistic interaction between wear and corro-
sion as a function of pH and displacement amplitude.

2. Materials and methods

For this study, a fretting-corrosion testing apparatus was used
to measure mechanical and electrochemical responses to
fretting and corrosion (Fig. 1a). Fig. 1b shows the experimental
design of the study. The fretting motion involved a Ti6Al4V
rod, to simulate the femoral implant neck, which underwent
micromotion in the vertical direction against two CoCrMo
pins, which were loaded perpendicularly onto the rod to
simulate the normal forces of femoral implant head of a
modular junction. The novelty of this set-up is that it uses
more representative contact geometry (flat-on-flat contact)
than was used in recently published studies (Barril et al,
2002; Geringer et al., 2005; Fouvry et al., 1995) to simulate the
fretting motion at hip modular junctions. Details of the
construction, set-up configurations and compliance evaluation
for our set-up have been published (Royhman et al., 2015).
Also, this set-up provides information on the combined effects
of electrochemical and mechanical stimulation.

2.1. Sample preparation

For fretting-corrosion tests, a CoCrMo alloy and a Ti6Al4V
alloy were chosen due to their common utilization in hip
implant modular junctions. The chemical composition of the
alloys is presented in Table 1. For fretting-corrosion tests,
CoCrMo alloy pins (12 mm diameter; 7 mm height) were
divided into 10 groups to study the effects of varying dis-
placement amplitude (425, +50, +£100, +150 and +200 um)
and pH (3.0 or 7.6). Two CoCrMo alloy pins were used for each
test. A minimum of three tests were conducted under each
condition. It is important to note that although new CoCrMo

A | Fretting-Corrosion Tests ]

TiBAI4V rod under
micromotion
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Fig. 1 - (A) Diagram of the fretting corrosion aparatus, which
includes a square rod undergoing minute displacement
against two, axially-loaded, metallic pins and integrated
into an electrochemical cell with the rod and pins as the
working electrode, a graphite rod as the counter electrode,
and a saturated calomel reference electrode. (B) Diagram of
the experimental design. Free potential, potentiostatic, and
electrochemical impedance spectroscopy (EIS) experiments
were performed to evaluate the electrochemical and
dissipated friction energy behavior of a Ti6Al4V rod loaded
against two CoCrMo pins, and displaced at 5 different
displacement amplitudes (25 pm, 50 pm, 100 pm, 150 pm and
200 pm).

Table 1. - Chemical composition (in weight percent) of the
Ti alloy and CoCrMo alloy.

Composition (in wt%)

Ti alloy i Al V C Fe 0, N, H,
89.62 6.1 40 0.004 0.16 0.106 0.008 0.0022
CoCrMo Co Cr Mo C Si Mn Al
alloy

64.60 27.63 6.04 0.241 0.66 0.70 0.02
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pins were used for every test, 3 Ti alloy rods were continu-
ously reused/cycled during testing. Therefore, to maintain
constant surface topographies, the Ti alloy rods were resur-
faced after each test. The CoCrMo alloy pins were wet-ground
using a series of silicone carbide grinding papers up to #800,
and then were polished with 6 um and 1 um diamond spray
on texmet and nylon cloths, respectively, to obtain a mirror
finish (Surface roughness (R,) <20 nm). The Ti alloy rods were
resurfaced by wet-grinding with silicone carbide cloths up to
#800 to maintain surface roughness (R, <80 nm). Before test-
ing, all samples (Pins and rods) were cleaned by 10 minute
agitation cycles in an ultrasonic bath in 70% isopropanol
solution, followed by a 10 min agitation in deionized H,O and,
finally, air drying using a nitrogen gas stream.

2.2 Electrochemical testing

All electrochemical tests were conducted inside of a custom-
made electrochemical cell constructed from polysulfone. A
potentiostat (G300, Gamry Inc., Warminster, PA, USA) with a
standard 3-electrode configuration was used for the corrosion
measurements. A saturated calomel electrode (SCE) was used
as the reference electrode, a graphite rod as a counter-electrode,
and the metal alloy as a working electrode (exposed surface
(5.4 cm?). Bovine calf serum (BCS) solution was used as the
electrolyte/lubricant (Volume=65mL). The BCS solution con-
tained the following: BCS (30 g/L protein), NaCl (18 g/L), Propy-
lene Phenoxenol (30 mL/L), Tris buffer (54g/L), and HCI
(approximately 55mlL/L, or enough to bring the pH of the
solution down to 7.6). Once the initial pH of 7.6 was reached,
lactic acid was added to attain a pH of 3.0 for the acidic group.
The samples were mounted into the electrochemical cell and
the temperature of the test solution was maintained at 37 °C.
Free potential (No applied potential) and potentiostatic
(Applied constant potential) tests were performed in order to
study the complex interactions between fretting motion and
the electrochemical properties of the materials. Potentiody-
namic (Applied potential sweep) experiments were performed
as a supplementary step in order to select a constant potential
to be applied during potentiostatic experiments. Free potential
tests were performed in order to evaluate the effect of
mechanical stimulation (Fretting) on the electrochemical
response. For these tests, changes in potential were monitored
before, during, and after the applied fretting motion. Potentio-
dynamic tests were performed in order to determine the
various electrochemical regions (anodic, cathodic, and passi-
vation regions). For the potentiodynamic tests, a potential
sweep was executed from —0.8 V to +1.8 V (V vs. SCE) at a rate
of 2mV/s and the resultant change in current was monitored.
Potentiostatic tests were performed in order to determine the
synergistic interaction between the fretting motion and corro-
sion. Based on potentiodynamic results (More details
explained in Results section), a —250mV (vs. SCE) potential
was selected for potentiostatic tests. The total exposed surface
area of 54cm? was used calculate the current density. In
addition, electrochemical impedance spectroscopy (EIS) tests
were performed before and after all free potential and poten-
tiostatic tests in order to examine the change in passivation
kinetics of the system in response to the applied fretting

motion. EIS measurements were performed by applying a
+10 mV sinusoidal potential (vs. E,¢) from 100 KHz to 0.01 Hz.

2.3.  Mechanical testing

As previously mentioned, a flat-on-flat contact (flat portion of
cylinder on rectangular rod) was used. This configuration allows
for a nominal contact area of 2 cm? (1cm? per pin). With an
applied force of 200 N per pin, a nominal contact pressure of
2MPa was assumed at the articulating interface. The fretting
motion was simulated by articulating a Ti alloy rod, perpendi-
cularly against 2 CoCrMo pins (Fig. 1). The rod was attached to a
servo hydraulic actuator (Model: 8871, Instron, Canton, MA, USA),
which produced sinusoidal displacement waveforms, with
amplitudes equal to +25, +50, +100, +150 or +200 um. The
frequency of the imposed displacement was equal to 1 Hz. The
tangential load and position of the Ti alloy rod was monitored
and recorded (frequency of recording=10 Hz at 10 s intervals). It
is important to note that as with all laboratory fretting devices,
the displacement between the articulating surfaces can deviate
greatly from the intended value due to compliance of the
clearances between the attached components, as well as to the
elastic deformations of all the material which comprise the
device. The displacements reported in this study are the nominal
displacements. Fretting regime behavior (ie. Partial slip vs. gross
slip) was assessed by evaluation of the tangential load and the
displacement hysteresis loop behavior. A typical hysteresis cycle
consists of two parts: an elastic slope and a friction plateau. The
dissipated friction energy, which is defined as the area inside the
hysteresis loop, is dependent on the normal load. To identify the
fretting regime, the ratio of dissipated energy to total energy was
utilized, as defined by Mohrbacher et al. Mohrbacher et al. (1993)
Previous studies determined that a ratio of 0.2 corresponded to
the transition criteria between partial slip and gross slip condi-
tions (Fouvry et al., 1995). Fig. 2A demonstrates this relationship.
A ratio higher than 0.2 is considered to be in the gross-slip
regime. In contrast, a ratio less than 0.2 was considered to be in
the partial slip regime.

2.4.  Surface characterization

Three-dimensional images of the corroded and/or worn sur-
faces were obtained using a white-light interferometry micro-
scope (Zygo New View 6300, Zygo Corporation, Middlefield, CT,
USA). Images were taken before and after experiments to
evaluate the physical changes that occurred as a result of
the electrochemical reactions and the sliding. Changes in
roughness (R,) were compared for both Ti and CoCrMo alloys.
Additional surface characterization was done using scanning
electron microscopy (SEM) (Joel JSM-6490 LV, Oxford Instru-
ments, Oxford, UK) to examine the effects of the fretting
motion on the metal surfaces.

2.5.  Weight loss estimation and wear-corrosion synergy

The synergistic relationship, as proposed by Stack and
Abdulrahman (2010), was studied using the following rela-
tionship.

Kwe =Kc + Ky (1)
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Fig. 2 - (A) Representation of the energy ratio, for which the
transition criteria between partial slip and gross slip is
defined at a ratio of 0.2 of the disspipated energy (E,) to total
energy (Ey). (B) A representaion of the criteria used to decribe
the behavior of potential throughtout the fretting
experiment.

According to this relationship, ‘K,,.’ (Total material loss) is
the combination of ‘K.’ (Material loss due to corrosion) and
Ky’ (Material loss due to wear). Ky can be determined by
analyzing the total metal content of the solution. In typical
tribological contacts (ex: ball-on-flat or cylinder-on-flat), the
wear scar has a conforming geometry and the weight loss
estimation can be performed through profilometry. In our
study, the contact was a flat-on-flat configuration. Such
conditions make it difficult to make weight loss estimations
with the same technique. Therefore, the material loss esti-
mation was performed using the ICP-MS technique. A repre-
sentative solution sample (1.5 mL) was collected at the end of
each test for metal content analysis. The protocol for the
detection and digestion methods are explained elsewhere
(Dufils et al., 2015).

‘K. can be calculated using Faraday's equation:

MxQ
Ke= nxf

Where ‘M’ is the atomic mass of the metal alloy, ‘Q’ (Q=Current
[1] * time [s]) is the charge passed through the working electrode
in coulombs, n’ is the valence of the product (we assumed
n=2), and ‘f’ is Faraday's constant (96,500 C/mol~?). It should
be noted that this system contains two different alloys and
therefore some consideration has to be made as to how to
account for the current levels generated from each individual
component. From previous tests performed in our lab it was
shown that under similar conditions, using an electrochemi-
cally inert counterbody (Alumina), that the mass loss due to
corrosion of Ti6Al4V is more than 2 orders of magnitude higher
than CoCrMo (Royhman et al., 2013). Therefore, the assumption
was made that the K. contribution of the CoCrMo was negli-
gible. In order to simplify the calculation, the Faraday equation
was performed using only the properties of Ti6Al4V.

Once Ky and ‘K. have been determined, the relationship in
Eq. (1) can be rearranged to find ‘Ky.’

ch - Kc = Kw (3)

()]

3. Results
3.1.  Fretting corrosion under free potential mode

3.1.1. Evolution of potential behavior

The effects of mechanical stimulation on electrochemical behavior
can be evaluated by monitoring the evolution of potential before,
during, and after the fretting phase. To empirically describe the
trends in electrochemical behavior, analysis was done on specific
regions of the curves. These regions are depicted in Fig. 2B as Vpyp,
(Drop in potential at onset of fretting), Veveting, (Average potential
during fretting), AVpewing (Change in potential from onset of
fretting to termination of fretting) and Vgecovery (Change in poten-
tial from the termination of fretting until stabilization of the metal
samples). The responses in potential as a function of displacement
amplitude and pH (3.0 and 7.6) are shown in Fig 3A and B
respectively. The values of Vprop, Veretting, AVretting @Nd Vrecovery
are shown in Fig. 3C-F, respectively.

In all tests, a cathodic (negative shift) drop of the potential
was observed in response to the fretting motion. As shown in
Fig. 3A-C, the magnitude of the drop (Vprop) was determined
to be a direct function of the displacement amplitude, and of
the pH. In general, Vp,op increased with increasing displace-
ment amplitude. A deviation from the linear trend in Vp,ep
was observed at pH 7.6 at 100 um displacement. Vretting
(Fig. 3D) was always higher in the pH 3.0 groups compared
to the pH 7.6 groups. Both pH 3.0 and pH 7.6 groups exhibited
an inverse correlation between Vpreing and increasing dis-
placement amplitude. AVpeting (Fig. 3E) increased with
increasing displacement amplitude. Vgecovery Showed a trend
opposite to that of Veretting (Fig. 3F). The pH 7.6 groups were
consistently higher than the pH 3.0 groups. In general, the
areas of lowest average fretting potential showed the greatest
tendency to recover.
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3.1.2.
mode
Fig. 4A and B shows the hysteresis response of the tangential
load to displacement amplitude at each cycle throughout the
fretting test. The cross-sectional area of these hysteresis
loops is indicative of the dissipated friction energy at the
corresponding cycle. In all tests, there was an increase in the
cross-sectional areas of the hysteresis loops as a function of
increasing displacement amplitude.

Evolution of hysteresis behavior under free potential
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This hysteresis behavior can be alternatively expressed as
shown in Fig. 4C and D, which provide the dissipated friction
energy at each cycle, shown by representative plots, for pH
3.0 and pH 7.6. The graphs confirm that there is an increase in
cross-sectional area, and therefore, in the dissipated friction
energy, in Joules, of each cycle, with respect to increasing
displacement amplitude. The highest dissipated friction
energy was seen in the pH 7.6 group at 200 pm displacement
amplitude.
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Fig. 3 - The effects of mechanical stimulation on the electrochemical behavior can be evaluated by monitoring the evolution of
potential. The response in potential as a function of displacement amplitude and pH (3.0 and 7.6) is shown in (A) and
(B) respectively. Specific regions of the curves such as “Drop in Potential,” “Fretting Potential,” “Change in Fretting Potential’”

and “Fretting Recovery,” are shown in (C)-(F), respectively.
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Fig. 4 - The hysteresis response, under free potential mode, of the tangential load/displacement behavior throughout the
applied fretting motion at (A) pH 3.0 and (B) pH 7.6. This dissipated friction energy is shown by representative plots of
dissipated friction energy in Joules at each movement cycle as a function of (C) pH 3.0 and (D) pH 7.6. Dissipated friction
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(grey) for (E) pH 3.0 and (F) pH 7.6. Darker regions indicate areas of overlap in standard deviation.

The dissipated friction energy can also be represented as in
Fig. 4E and F. These panels show the amount of Joules over the
total distance displaced between the metallic rod and the pins,
in meters, under free potential conditions. This relationship
was based on averaging the curves for all the trials in each
group. The standard deviations of these trials are shown in

grey. The darker grey regions indicate overlap in standard
deviations between curves. The graphs confirm the trends
observed in Fig. 4A-D.

Fig. 5 depicts the relationship, between the evolution of
potential and the dissipated friction energy. There was a
direct relationship and robust correlation between the
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Fig. 5 — The relationship between the evolution of potential
(Y1 axis) and the dissipated friction energy (Y2 axis). The
two curves show a correlation in behavior. As the dissipated
friction energy increases or decreases, there is a
corresponding response in evolution of potential.

dissipated friction energy and the observed potential.
Throughout the test, dissipated friction energy displayed
deviations in observed energy.

3.1.3. Analysis of the total metal content in solution

Results for the total metal content in solution are shown in
Fig. 6A and B for pH 3.0 and pH 7.6, respectively. There was a
positive correlation between the displacement amplitude and
the amount of metal found in solution. At pH 3.0 (Fig. 6A),
there was a significantly higher concentration of Co found in
the solution compared to Ti, Cr, and Mo. At pH 7.6 (Fig. 6B),
there was a noticeably higher amount of Co in the 25um,
50 pm, and 100 pm groups compared to Ti, Cr, and Mo. At 150
and 200 um, the levels of Co and Ti were similar. Findings of
Cr and Mo did not appear to be affected by pH or displace-
ment amplitude and were comparatively low across all
groups. Fig. 6D shows the total metal content across all
groups and indicates that at low displacement amplitudes,
pH 3.0 shows higher material loss. However, as the displace-
ment reaches 100 um, the pH 7.6 groups overtake the pH
3.0 groups and exhibit higher material loss.

3.2.  Fretting-corrosion under potentiostatic conditions

3.2.1. Evolution of current

Fig. 7 shows the potentiodynamic scans for the metal alloy
coupled system of CoCrMo alloy pins loaded against the Ti6Al4V
rod at pH 3.0 and pH 7.6. The data show that the coupled system
reached an equilibrium potential of approximately —500 mV (vs.
the SCE) at both pH levels and started to passivate at approxi-
mately 0mV (vs. the SCE). These data were used to select the
potential during the potentiostatic scan. To induce cathodic
currents, but avoid passivation behavior, all potentiostatic tests
were conducted at —250 mV (vs an SCE) for all groups. For the
potentiostatic tests, the potential was held constant and the
changes in current were monitored as the system response to
the fretting motion. Fig. 8A and B shows the results of the
potentiostatic tests at pH 3.0 and pH 7.6, respectively. At the

onset of fretting, there was an increase in evolved current. The
current was dependent on the pH and displacement amplitude.
Higher current was seen in correlation with increasing displace-
ment amplitude. In all experiments, the corresponding displace-
ment amplitudes showed higher current evolution at pH 3.0 than
PH 7.6. Fig. 8C and D shows the evolution of current at pH 3.0 and
PH 7.6, respectively, with the corresponding dissipated friction
energy at each time point. The curves of evolved current are
representative curves for each group, smoothed using 25 point
adjacent averaging. The data indicate that there is a direct
relationship between the amount of evolved current and the
amount of dissipated friction energy released at each corre-
sponding time point. As the dissipated friction energy increases,
the amount of evolved current increases as well. Both the
evolution of current curves and the dissipation of energy curves
show an initial sharp rise, followed by a steady decline, and a
final stabilization period. There were no significant differences
between the dissipated friction energy released at pH 3.0 com-
pared to pH 7.6; however, the evolved current was significantly
higher at pH 3.0.

3.2.2. Fretting hysteresis loop

The mechanical, elastic-sliding response of the coupled
system was evaluated by the hysteresis behavior of the
tangential load vs. displacement, as described by Mohrbacher
(Mohrbacher et al., 1993). The energy ratio can be described as
the ratio of the dissipated friction energy to the area of
average measured tangential force, multiplied by the max-
imum displacement. This relationship is shown in Fig. 2A. A
ratio of 0.2 indicates a transition from partial slip (<0.2) to
gross-slip (>0.2) regimes (Fouvry et al.,, 1995). The change in
hysteresis behavior throughout the tests is shown in Fig. 4A
and B for free potential mode for pH 3.0 and pH 7.6,
respectively. At each corresponding cycle, the area inside
the loops determined the dissipated friction energy.

Fig. 9 shows the dissipated friction energy under potentio-
static conditions in Joules at each cycle of the fretting motion.
The relationship is based on averaged curves of all the trials
in each corresponding group for (A) pH 3.0 and (B) pH 7.6. In
general, all of the curves had similar values for the free
potential and potentiostatic groups. The values were not
dependent on the applied potential, but were highly depen-
dent on the displacement amplitude.

Fig. 10A and B shows the energy ratios (Depicted in Fig. 2A)
of the hysteresis behavior at each cycle. The data is shown by
averaged curves of all trials for each corresponding group. At
25 um displacement, the samples were within the partial slip
regime (Energy ratio<0.2) throughout the entire imposed
fretting motion. At all displacements higher than 25 um, the
system was within the gross-slip regime.

Analysis of the dissipated friction energy showed that all
groups showed an initial, elevated, amount of dissipated
friction energy, and after 1-2 hundred cycles, the system
reached a stable state. In general, the dissipated friction
energy increased with increasing displacement amplitude at
both pH levels. Additionally, the pH 7.6/200 um group showed
the highest amount of dissipated friction energy.

Fig. 10A and B shows the energy ratio of each group for pH
3.0 and pH 7.6, respectively. The data show that there were no
differences between pH levels. However, there were differences
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observed between displacement amplitudes. In general, the
energy ratio increased with increasing displacement ampli-
tude. Of all tested conditions, only the 25 um groups were in
the partial slip regime. All other groups were in the gross slip
regime.

3.2.3. EIS data analysis

The EIS technique was used both before and after the fretting
corrosion tests to characterize the effect of the fretting
motion on the electrochemical kinetics at the metal/electro-
lyte interfaces. An equivalent circuit model was used to
attain a quantitative measure of the impedance of the system
(opposition to the flow of alternating current), including the
energy storage (capacitance) and dissipation (resistance)
properties. Fig. 11A shows the composition of the electro-
chemical equivalent circuit used for modeling the EIS data.
The representative properties of the electrolytic solution and
two alloys were incorporated into the model as: Rqo (resis-
tance of the solution), CPEy; (Capacitance of the Ti alloy
passive film), Ry (Resistance of the Ti alloy passive film),
CPEcocr (Capacitance of the CoCrMo alloy passive film), Rcocr
(Resistance of the CoCrMo alloy passive film). Fig. 11B and C
shows a single representative EIS result, presented as Bode
and Nyquist plots, respectively. The data suggested that there
are two time constants present in the system. It was postu-
lated that the secondary time constant may be due to
complex interactions between the individual passive film
properties of the two alloys or any associated crevices that
may be present when they are engaged. In either scenario,
this complex behavior was observed in all groups and repeats
and the unique equivalent circuit showed a good fit across
the spectrum. The total resistance of the system is presented
numerically in Fig. 11D-G.
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The amount of resistance is proportional to the thickness
or protectiveness of the passive layer. This is physically
represented as less corrosion occurring on the metal surface.
The graphs indicate several distinct trends in resistance
behavior. Under free potential conditions, the resistance of
the system was generally increased after the fretting motion.

There was no correlation between the displacement ampli-
tude and the amount of increase in resistance. However, at
both pH levels at 100 pm displacement amplitude, there was
a much higher increase in resistance compared to all other
displacement amplitude groups. No significant differences in
resistance were observed as a function of pH.
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The resistance values under potentiostatic mode exhibited
drastically different behavior compared to free potential condi-
tions. First, at pH 3.0, there were no differences between
resistance measurements before and after the fretting corrosion
tests. However, at pH 7.6, there was an increase in resistance
after the fretting corrosion tests. In addition, there was a
positive correlation between (i) the amount of resistance,
measured after the fretting corrosion test, and (ii) the displace-
ment amplitude. Finally, in contrast to free potential conditions,
under potentiostatic conditions there was a strong correlation
between the amount of resistance and pH level. All resistance
values were significantly higher at pH 7.6 compared to pH 3.0.

3.3.  Surface analysis

Fig. 12 shows the changes in surface roughness at the
CoCrMo pin from free potential tests as a function of
displacement. In general, pH 3.0 groups showed higher sur-
face roughness in all groups compared to pH 7.6 groups. In
addition, the surface roughness increased with increased
displacement amplitude. A deviation from the linear trend
is seen at 100 um at both pH levels,

Fig. 13A shows scanning electron micrographs of the fretting
wear scars. At 25 um the pH 3.0 samples showed severe cracking.
The same group at pH 7.6 showed typical fretting scar behavior
and also displayed periodic, synchronous blobs of carbonaceous
material on the surface. At 50 um, samples at both pH's showed
distinct wear tracks, with some cracking inside the wear tracks,
as well as some isolated pits. At 100, 150, and 200 um displace-
ment, the wear scars were indistinguishable from a sliding-wear
behavior. Fig. 13B shows the atomic percent of Ti found in the
wear scar regions of the CoCrMo pins, determined by EDS
analysis. The results indicate that there was a marked increase
in Ti percent in the 100 um group for both pH levels compared to
all other groups. The pH 7.6 groups showed a higher percent of Ti
on the CoCrMo pins compared to pH 3.0 at all displacements
except 200 pm.

4, Discussion

4.1.  Variations in evolution of potential and fretting loop
as a function of displacement amplitude and pH levels

The free potential tests (no potential is applied to the metal
alloys) were used to study the effects of mechanical stimulation
on the electrochemical behavior of Ti and CoCrMo alloys. Fig. 3
shows the results of the free-potential tests.

A drop in potential has been well-reported in the literature
under both sliding and fretting conditions (mechanical stimuli)
in both Ti and CoCrMo alloys (Geringer et al., 2005; Royhman
et al., 2013; Butt et al., 2015; Mischler, 2008; Mathew et al.,
2015). This cathodic drop is associated with removal of the
passive film, due to the mechanical disruption of the film
(Barril et al., 2002; Landolt et al., 2001; Cao et al., 2015). Hence,
it's expected that as the displacement amplitude increases,
more passive film will be removed, and a higher potential drop
will be observed. The findings agree with this expectation.

Another significant finding is the variance in potential
drop between pH 7.6 and pH 3.0. Fig. 3C shows that pH 3.0 has
a linear, direct, relationship between potential drop and
displacement variation. At pH 7.6, the relationship is not
direct and is significantly different from pH 3.0 at 50, 100 and
150 um groups. Furthermore the potential drop is signifi-
cantly higher at 100 and 150 pm in pH 7.6 compared to pH
3.0. This trend may be explained by the difference in passiva-
tion kinetics that occur between acidic and neutral environ-
ments as well as the transfer of material from the Ti rod onto
the CoCrMo pins, which can further complicate the passiva-
tion mechanism. Several studies have shown the delayed or
inhibited formation of passive film on the surface of passive
metals in acidic conditions (Royhman et al., 2014).

In addition to the variable rate of passivation, the testing
conditions also displayed a variation in passive layer physical
removal. This was due to that fact that, in all tests, the frequency
of motion remained at 1Hz. However, the displacement
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alloy passive film), Rr; (Resistance of the Ti alloy passive film), CPEc.c: (Capacitance of the CoCrMo alloy passive film), Reocr
(Resistance of the CoCrMo alloy passive film). A single representative EIS result is presented as Bode and Nyquist plots are
shown in (B) and (C), respectively. All EIS results, under free potential mode, are shown as numerical values, before and after
fretting, at (D) pH 3.0 and (E) 7.6. All EIS results, under potentiostatic mode, are shown as numerical values, before and after

fretting, at (F) pH 3.0 and (G) 7.6.

amplitude at each cycle was different for each group (25, 50, 100,
150, and 200 um). Therefore, the velocity of the relative articulat-
ing motion was different for each displacement amplitude.
Therefore, the transient response in potential drop at pH
7.6 may be due to the complex interaction between the rate of
physical removal of the passive layer, the rate of formation of the
passive film, the differences in the dynamic friction of the
system, and possible changes in the lubrication regime. At pH
3.0, where the chemical environment may inhibit passive layer
formation, the normal, linear, trend is observed. Similar to the
potential drop, other changes in potential behavior such as
average fretting potential, change in fretting potential, and
fretting recovery are also affected by the chemistry of the
environment. Fretting potential (Fig. 3D) decreases as a function
of displacement. This indicates a decrease in the corrosion

resistance of the metal couple, at higher displacements. Fig. 3E
indicates that the increase in potential drop also shows a
corresponding change in potential during the fretting phase,
which is controlled by the passive layer. Therefore, with increas-
ing potential drop, there is also an increasing thermodynamic
driving force to return to equilibrium. This is physically mani-
fested as the chemical reformation of the passive layer.

Fig. 4A-F shows that the dissipated friction energy increased
with increasing displacement amplitude at both pH levels. No
differences in friction energy were observed between pH 3.0 and
7.6. This indicates that the changes in the passivation behavior
on the surface did not affect the dissipated energy of the system.
SEM observations and Energy ratio plots confirmed that only the
25um group was within the partial-slip regime, which was
demonstrated by stick and slip deformation wear patterns. As
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the displacement increased to 50 pm, the regime changed to
gross-slip, and continued for increasing displacements.

4.2.  Variations in evolution of current and hysteresis
behavior as a function of pH levels

In a potentiostatic test, a pre-selected potential is applied
(based on the potentiodynamic curves) and the current
flowing through the working electrode (pins-CoCrMo and
vertical rod-Ti alloy) is measured. Thus, this technique is
very useful to understand the effect of applied potential and
wear-corrosion synergism.

Fig. 8A and B shows the evolution of current as a function
of displacement at pH 7.6 and 3.0 respectively. The curves
show increased fluctuations in current throughout the entire
test. In addition, there was an initial, sudden peak in current
when the fretting motion began, which progressively dimin-
ished throughout the duration of the test. In addition, the
sudden increment is closely related to the sliding amplitude.
Increasing the sliding amplitude was positively correlated
with peak current values.

The overall current evolution is lower at pH 7.6 than at pH
3.0. According to Faraday's law, the corrosion loss and metal
ion release are directly proportional to the evolution of the
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potentiodynamic curves, where the electrochemical domains
of the metal are clearly identified. From these results, the
cathodic, anodic and passive regions of the material can be
identified as can other domains such as pitting domains.
Passivation kinetics play an important role in the tribocorro-
sion behavior of the materials. Under mechanical stimuli, the
oxide layer is abraded, and passive film re-forms in order to
bring the system back into a more thermodynamically stable
state. This process is known as re-passivation. The fluctua-
tions in the current in Fig. 8 highlight the variation in
corrosion kinetics as the passive layer undergoes transitions
between abrasion, reformation and stabilization. During each
fretting cycle motion, various electrochemical mechanisms
occur periodically and influence the degradation of the
materials. In this study, greater damage was observed at
pH3.0, as indicated by the roughness measurements (Fig. 12)
and increased levels of evolved current and overall charge
(Fig. 6C). These findings indicate the role of corrosion kinetics
on the degradation process. These findings can be explained
by the Pourbaix diagram for Ti and Cr (the main passivating
elements of the system). At pH3, the Pourbaix behavior
corresponded to an active dissolution region, compared to
pH 7.6, which corresponded to a passive region (Pourbaix,
2013).

In addition, fretting amplitude is directly linked with
increased dissipation of energy and increased abrasion of
the surface oxide layer. The amount of damage is highly
dependent on mechanical parameters such as, load, fre-
quency, environmental factors and sliding velocity. This
suggests that the electrochemical condition can influence
the severity of the mechanical damage and induce changes in
the fretting-corrosion mechanisms (Fig. 14).
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4.3.  Possible clinical implications concerning the hip
modular junctions

This study featured a parametric evaluation of the fretting-
corrosion behavior of hip implant modular junctions. Micro-
motion is expected after surgery in poorly fixed devices, due to
normal kinematic motion of the hip such as walking, stair
climbing, sitting, etc. In general, once there is any motion
between the fixed surfaces of the modular interface, the degree
of relative motion tends to propagate over time as the material
wears down and the system takes on a more dynamic nature.
Initially, there could be a minute (fretting) motion at the inter-
face, which can escalate to a full sliding motion, enhanced
implant degradation, loss of stability of the implant, and overall
implant failure. Hence, this study deals with a wide range of
displacement amplitudes (25-200 pm) to evaluate the changes
that can occur at these junctions over time. To simulate crevice
conditions and acidic conditions of an infected joint, a low pH of
3.0 was tested and compared to conditions at neutral pH levels
(pH=7.6). This study shows the significant variation in fretting-
corrosion responses as a function of displacement and pH. The
effect of the fretting-corrosion synergism in the overall degrada-
tion mechanism was evident from the study. During the experi-
ments, we observed non-linear behavior of electrochemical
parameters, which could be directly correlated with mechanisms
of wear (fatigue, abrasion, adhesion, and tribochemical reac-
tions). The results raise some concerns over the overall stability
and performance of the modular junction, as various mechan-
isms and modes of wear and corrosion were observed. These
results can be correlated with the complex clinical findings of
retrieved samples, which also show a multifactorial cause and
effect relationship.
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Fig. 14 - Drop in potential during the fretting-corrosion test for the Ti6Al4V-CoCrMo alloy couple at various displacement
amplitudes for free potential tests at (A) pH 3.0 and (B) pH 7.6 and potentiostatic tests at (C) pH 3.0 and (D) pH 7.6. The
corresponding friction energies for each group at each condition are plotted on the secondary Y (right) axes.
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4.4. Transitions in the dominant failure mechanism

One of the main contributions from this study is identification
of a way to obtain in-situ information on the combined effects
of corrosion and friction energy. Tribocorrosion studies assist
in obtaining a deeper understanding of the synergistic inter-
action of wear and corrosion, which could lead to increased
damage of the materials of hip modular junctions. In this
study, the wear-corrosion synergism was evaluated. The
summary of the results is shown in Table 2. In all cases, the
data suggested that the system was wear-dominated. There
was some influence of pH on the corrosion behavior of the
system; however, the total mass loss due to corrosion was
negligible compared to the mass loss due to wear. Other
studies have had similar findings of a wear dominated
mechanism (Barril et al.,, 2004; Oladokun et al., 2015).

Fig. 15 summarizes the general findings of this study. The
CoCrMo pins are loaded against a Ti6Al4V rod, which undergoes
various displacement amplitudes in the vertical direction. The
apparent contact consists of the entire surface area of the
CoCrMo pins; however, the real contact is just at the asperities
between the Ti6Al4V rod and the CoCrMo pins. During the
applied motion, the nature of the wear mechanism is depen-
dent on the displacement amplitude. Under low displacement
amplitudes (25 pm), the contact undergoes elastic deformation,
with the Ti6Al4V rod deforming more than the CoCrMo pins
due to the lower elastic modulus. This constitutes the partial
slip regime and a fatigue wear mechanism ensues. As the
displacement increases to moderate levels, the gross slip
regime begins to dominate the contact. Under these conditions,
our setup has demonstrated large amounts of material transfer
of the lower elastic modulus material onto the higher elastic
modulus material. As the displacement amplitude further
increases, there is a sufficient amount of dissipated energy to
cause ejection of the adhered material from the interface. It has
been demonstrated that an increase of the applied sliding
amplitude will promote an increase of the debris ejection rate
in adhesive wear tribocouples (Fouvry et al., 2007).

Gilbert et al., has reported on the adhesive wear mechan-
isms of Ti transferred from the femoral stems onto the CoCrMo
heads in implant retrievals. In fact, the EDS results show a
~54% weight transfer of Ti onto the CoCrMo interface (Gilbert
etal., 1993). This is comparable to our own EDS findings (Fig. 13),
which show ~60% at pH 7.6 and ~30% at pH 3.0. This
observation of adhesive wear associated with a specific dis-
sipated energy (in Ti6Al4V/CoCrMo couples) may have broad
implications for our understanding of the failure mechanisms
of mixed metal hip implants in the clinical setting. In addition,
the corresponding electrochemical findings of the deviations in
electrochemical parameters in these adhesive wear groups may
further help elucidate the complex pathways of failure. As was
shown earlier, the group that showed high amounts of adhesive
wear (100 pm), also showed deviations in potential behavior,
dissipated friction energy, impedance, and roughness. Such
deviations are characteristic of the complex mechanical and
electrochemical changes occurring at the surface.

4.5. Limitations

There are several limitations to this study. First, the metal
content analysis was done by sampling the solution after the
fretting-corrosion tests. The results have shown that some
adhesive wear occurred, whereby some of the metal was
transferred from one articulating surface to another (Ti6Al4V
rod to CoCrMo pin). Therefore, this transferred metal could not
be quantified by measuring the metal content in solution, which
could lead to an underestimation of the amount of material loss.
Second, the flat-on-flat contact used in this study did not allow
for quantification of a defined contact pressure due to the
presence of the asperities present at the surface, which likely
inhibited some areas of the pins from complete engagement. A
nominal contact pressure was assumed for all tests. Further-
more, it is possible that the real contact area increased as the
asperities were degraded throughout the test, giving a lower
contact pressure at the end of the test. In addition, the Farady's
equation (Eq. 2) was used to calculate the mass loss due to
corrosion (K. Several Assumptions were made in order to

Table 2. - Summary of experimental results. Fretting regime, evaluated by energy ratio and SEM topography, determined
that partial slip regime occurred at 25 pm groups at both pH levels. All other groups displayed gross slip behavior. K/K,,

ratios indicated that wear was dominant factor of degradation with relatively little contribution was observed from
corrosion (i.e. no synergism was observed under tested conditions).

pH 25 pm 50 pm 100 pm 150 pm 200 pm
Fretting regime 3.0 Partial slip Gross slip Gross slip Gross slip Gross slip

7.6 Partial slip Gross slip Gross slip Gross slip Gross slip
K. (ng) 3.0 0.0 (0.0) 0.1 (0.0) 0.2 (0.1) 0.6 (0.1) 0.3 (0.0)

7.6 0.2 (0.0) 0.4 (0.0) 0.5 (0.3) 1.0 (0.4) 1.5 (0.6)
Kue (ng) 3.0 37.0 37.9 38.0 57.9 59.0

7.6 13.6 25.4 42.0 72.1 98.3
Ky (ng) 3.0 37.0 37.8 37.8 57.3 58.7

7.6 13.4 25.0 41.5 711 96.8
K/Ky 3.0 0.0 0.0 0.0 0.0 0.0

7.6 0.0 0.0 0.0 0.0 0.0
Dominant mechanism 3.0 Wear Wear Wear Wear Wear

7.6 Wear Wear Wear Wear Wear
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Fig. 15 - Degradation mechanisms in the experimental setup as a function of displacement amplitude.

simplify the calculation. In practice, this equation represents an
idealized system with pure materials. Therefore, there may have
been some differences between the estimated and real amount
of material loss due to corrosion. Finally, a standard normal load
of 200 N was used in these experiments at all applied displace-
ments. Different applied loads may yield different results as they
can change the real contact area of the system.

5. Conclusions

The main findings from the study can be summarized as
follows;

® Electrochemical resistance was increased after fretting-
corrosion stimulation.

® In general, the potential drop and evolved current were
increased as a function of displacement amplitude, which
could be attributed to the increased abrasion of the
passive film.

® Resistance to polarization was increased after the fretting
corrosion stimulation, which could be attributed to the
tribochemical processes occurring on the surface, such as a
deposition of a tribofilm.

® The 100 um group demonstrated deviations from the linear
trend in evolution of potential behavior, friction energy,
impedance, and roughness, and this was most likely due to
an adhesive wear mechanism between Ti6Al4V and CoCrMo.

® The degradation of the system was determined to be wear
dominated at all pH levels, and displacement amplitudes.
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