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1. Introduction

ABSTRACT

In biomedical research, because of the critical nature of corrosion within the environment of motion
and interactions of weight bearing surfaces, scientists and engineers have shown a growing interest
in the area of “tribocorrosion”. Fundamentally, tribocorrosion combines the disciplines of tribology and
corrosion and their concurrent exchanges. Principles of tribocorrosion are applied in a range of industries
including the offshore, space and biomedical (for example, dental and orthopedic) industries.

One of the challenges in tribocorrosion research is the lack of standard testing equipment and method-
ologies, particularly in its bio-medical applications. Many investigators and research laboratories are
engaged in modifying their existing classical tribology apparatus, whether they are commercially avail-
able or customized tribometers, to integrate electrochemical monitoring.

The current work is focused on developing a tribocorrosion test apparatus to model the contact situation
of artificial hip joints with particular attention on possible erroneous issues that could arise in such a
system. The test system facilitates studies on the tribocorrosion behavior of implant metals or coatings
as a function of diverse tribological and electrochemical parameters, and allows monitoring temperature,
pH and dissolved oxygen level during testing. Initial results on the HC CoCrMo alloy in bovine calf serum
(BCS), indicate that the proposed system is reliable and useful for the investigation of tribocorrosion
behavior of implant materials. Electrochemical impedance spectroscopy tests (EIS) are employed before
and after the sliding tests. The usefulness of such tests in understanding the changes in the surface
chemistry and corrosion kinetics are explained, with the help of optimum EIS models. An attempt has
also been made to highlight the relevance on wear quantification methods and possible ways to analyse
the synergistic interactions of wear and corrosion for the biomedical tribosystems in orthopedics and
dentistry.

© 2011 Elsevier B.V. All rights reserved.

A recent review [7] of tribocorrosion research during the last
decade (1996-2006) highlighted the implications of tribocorro-

Tribocorrosion is a multidisciplinary research area that has
recently started to gain importance in many applications ranging
from off-shore industry to biomedical engineering. “Tribocorrosion”
is defined as an irreversible transformation of a metal/alloy result-
ing from simultaneous physico-chemical and mechanical surface
interactions in a tribological contact [1]. The beneficial and detri-
mental effects observed by tribocorrosion interactions will assist
in the selection of materials, the design of components and the
selection of operational variables. Because of its practical and eco-
nomical importance, a growing number of research laboratories
focus their work on this area [2-6].
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sion research for biomedical applications, and noted that more
than half of the reported investigations are related to biomedical
implants in dentistry and orthopedics. Tribocorrosion investigation
of artificial hip joint bearings is important, especially in the case of
metal-on-metal (MoM) bearings that are currently considered as
an alternative to metal-polymer (MoP) and ceramic-on-ceramic
(CoC). Results of the reported studies show that the wear rate of
MoM joints is 10-100 times lower than that of conventional MoP
joints. Other benefits of MoM joints are the simple fabrication pro-
cesses, high fracture toughness, and the ability to use large femoral
heads to avoid the risk of post-operative instability [8,9].

Metallic implants in living organisms are constantly exposed to
biological fluids, living cells having their own metabolism, uneven
distribution of dissolved oxygen, which creates a corrosive envi-
ronment. The behavior of the metals in such an environment may
change significantly. For example, the high corrosion resistance
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of CoCrMo alloy in air or aqueous conditions is reduced in the
body environment, where the pH value is approximately 7.4 [9].
Wear debris and metal ions that are released in vivo can have
negative effects on the patients’ health, including periprosthetic
bone loss leading to aseptic loosening, inflammatory responses
and adverse tissue reactions [9-11]. Theoretical systemic effects
of high ion levels include metal hypersensitivity, metal toxicity
and carcinogenesis [10]. Because these effects likely intensify with
increasing exposure time, they pose serious health issues espe-
cially on younger and active patients. Further, the biocompatibility
of metals and alloys used for bearings in hip arthoplasties nor-
mally relies on the stable passive film. It is possible that this film
breaks down due to mechanical action without being reformed
immediately. In addition, the dissolved oxygen level of the sur-
rounding media plays an important role in stable film growth.
The metal surface might form a layer (known as a tribochemical
reaction layer [11-14]) by reacting with proteins and other con-
tents of the surrounding media. Therefore, tribocorrosion studies
could provide valuable information on the performance of arti-
ficial metal joints and how the scope of MoM bearings could
be extended.

One of the challenges in tribocorrosion research is the lack of
standard test systems. A specially designed tribocorrosion appa-
ratus would be helpful in improving electrochemical interfacing
and yield reliable results. The purpose of this study was to design,
develop and fabricate a tribocorrosion set-up for hip joint appli-
cation. First, existing tribocorrosion test systems used by various
laboratories were reviewed. Then, general design considerations
in constructing a tribocorrosion set-up were formulated. The
advanced facilities of the test system, such as monitoring temper-
ature, pH and dissolved oxygen levels are explained. Finally, a pilot
study was conducted to demonstrate the reliability of the devel-
oped system and to compare results obtained with the developed
system to those from other laboratories/test systems.

2. Tribocorrosion test system
2.1. Basic methodology

The basic test system commonly used in tribocorrosion tests is
the pin-on-flat system as illustrated in Fig. 1. The tribological set-
up interfaces with an electrochemical testing system by using a
potentiostat. The interfacing system consists of a three electrode
arrangement, namely, reference electrode (RE), counter electrode
(CE) and working electrode (WE). Tribological studies deal with
mechanical parameters describing the interaction between articu-
lating surfaces.

The articulation generates frictional forces that may cause the
surface to deform and lead to wear. Available electrochemical tech-
niques including open circuit potential (OCP), potentiodynamic
test (PD), potentiostatic test (PS) and electrochemical impedance
spectroscopy test (EIS) are suitable for studying the tribocorrosion
process. These techniques allow monitoring and controlling the
electrochemical test conditions during sliding and assist in quanti-
fying the relationship between corrosion and total wear volume.

2.2. Hip joint as a tribocorrosion system

In a hip joint, there are many possibilities for tribocorro-
sion events at the implant surface. Next to articulation between
the femoral head and acetabulum, micro-movement between the
femoral stem and cortical bone can occur. While retrieved implants
have provided evidences of failure modes caused by corrosion,
influencing parameters and their interactions are poorly under-
stood [8,9].

Laboratory tests using artificial joint simulators (in vitro tests)
are currently the best solution for understanding the system. Wim-
mer et al. [15,16] constructed a unique type of simulator with a
conforming pin-on-ball contact condition that mimics the struc-
tural and mechanical aspects of the natural hip joint. In this study,
the tribocorrosion set-up is constructed to structurally mimic the
simulator allowing for comparisons of results from both systems
and collection of baseline data for further analysis.

Previous studies on the tribocorrosion behavior of implant
materials employed in the artificial hip joints can be divided
into different classes of tribocorrosion systems including fretting-
corrosion [17-19], sliding wear-corrosion [20] and microabrasion-
corrosion [21-23]. The studies have tested different couples of
MoM or MoC (metal-on-ceramic) in simulated physiological solu-
tion to replicate the joint conditions. However, to date information
on tribocorrosion of a pin-on-ball system simulating hip joint artic-
ulations and mechanisms is not available.

2.3. Tribocorrosion systems in the literature

Most investigations on tribocorrosion have utilized an available
tribometer with appropriate modifications to integrate an electro-
chemical set-up. The main advantage of such arrangements is the
well defined and controlled tribological set-up. However, the dis-
advantages include (i) potential artifacts on the proper functioning
of the tribometer, (ii) difficulties in data collection, particularly in
synchronizing the data from corrosion and tribological events, and
(iii) potential difficulties in correlating the results and evolution of
the selected parameters. Some test set-ups used for tribocorrosion
studies are listed in Table 1. Additional details of these systems are
provided below:

(a) Pin/ball on disk rotating (one direction): unidirectional sliding of
a ball or pin against a plate (Stack and Chi [24]).

(b) Ball (or pin) on plate (reciprocating): in this system, a ball or pin
(held by a vertical holder) is sliding back and forth using the
same wear track against the plate under reciprocating condi-
tions. This is the most commonly used tribocorrosion set-up
(Yan et al. [20,25], Hendry and Piliar [19], Celis et al. [26-31],
Mischler et al. [32-37], Azzi et al. [38], Duisabeau et al. [39],
Mathew et al. [40] and Ferreira et al. [41]).

(c) Microabrasion test system (ball on plate): in a microabrasion test
system the ball is rotating about one axis against a vertical plate
and allows the insertion of third bodies (Stack et al. [22], Wood
etal. [21]).

(d) Cylinder on-bar: in this system, the cylinder moves against the
bar (Pourzal et al. [42]).

(e) Ring-on-disk: in this system, the diskis fixed and the ring is rotat-
ing. The electrochemical interfacing is achieved like in the other
systems (Serre et al. [43]).

(f) Special apparatus: a few research laboratories have developed
special tribocorrosion experimental set-ups to replicate practi-
cal applications. For instance, a setup by Geringer et al. [17] to
study the tribocorrosion events of the hip joint femoral stem and
the cortical bone. Hallab et al. [18] developed a special tribocor-
rosion (fretting-corrosion) system for hip joint taper junctions.
Rocha et al. [30] developed a special set-up for tribocorrosion
test for dental applications.

In general, this review shows that researchers used different tri-
bocorrosion test systems based on the specific aims of their study.
The contact configurations, type and movements of the counter-
body and nature of the test system itself will have an influence
on the results generated. Hence, the influence of the type of tri-
bocorrosion system should not be neglected in inter-laboratory
comparisons. Further, the selection of a test system for a specific



Table 1

Types of available tribocorrosion test systems.

Tribocorrosion system S.no Source Type of Basic tribometer Interest of the Sample Electrolyte Movement
tribocorrosion study
(a) Pin on disc (uni-direction) 1 Stack and Chi [24] Sliding-corrosion Customized Industrial Steel and alumina Sodium carbon- Disk is rotating
tribometer application ate/bicarbonate against the pin
solution
2 Manish et al. Sliding-corrosion Customized Industrial Steel and alumina Sodium carbon- Disk is rotating
tribometer application ate/bicarbonate against the pin
solution
(b) Ball on plate (reciprocating) 3 Yan et al. [20-25] Sliding-corrosion Customized Biomedical: CoCrMo alloy BCS SiN
tribometer orthopedic ball-reciprocating
4 Azzi et al. [38] Sliding Customized Biomedical: Ti and TiN Ringer solution, Ball-reciprocating
tribometer coatings BCS movement
performance
5 Berradja et al. [31] Sliding-corrosion Customized Effect of load and Stainless steel Ringer solution Ball is reciprocating
tribometer frequency
6 Basak et al. (2006) Sliding-corrosion Customized Industrial SS, Hanks solution Ball is reciprocating
[29] tribometer application: To nano-structured
study the behavior WC-Co,
of new materials FeCu/WC-Co
coatings
7 Hendry and Piliar Fretting-corrosion Customized Biomedical: PVD Co-alloy Hanks solution Plate is
[19] tribometer surface-modified Ti6Al4V reciprocating
implant alloy
8 Barril et al. (2004) Fretting-corrosion Customized Biomedical: Ti6AlI4V Nacl solution Plate is moving
[33-35] tribometer
(c) Pin on plate (reciprocating) 9 Mathew et al. Sliding-corrosion Plint TE-67/E Thin films, TiCO films Artificial sweat Plate is moving
(2006) [40]
10 Fernades et al. Sliding-corrosion Plint TE-67/E Thin films TiN films Artificial sweat Plate is moving
(2005) [41]
11 Sonia et al. [41] Sliding-corrosion Plint TE-67/E Thin films, ZrNO films Artificial sweat Plate is moving
(d) Microabrasion 12 Wood et al. [21] Microabrasion- Microabrasion Biomedical, load, CoCrMo-alloy BCS Ball is rotating
corrosion potential (uni-direction)
13 Stack et al. [22] Microabrasion- Microabrasion Biomedical, x Mild steel Sodium Ball is rotation
corrosion carbonate/bi- (uni-direction)
carbonate
solution
(e) Cylinder on bar 14 Pourzal et al. [42] Sliding-corrosion Customized Biomedical CoCrMo alloy Physiological Bar is moving
tribometer solution, BCS
(f) Ring-on-disk 15 Serre et al. [43] Sliding-corrosion Customized Industrial Graphite and Ti Sea water Ring is moving,
tribometer alloy disk is fixed.
(g) Special type of set-up 16 Geringer et al. [17] Fretting-corrosion Special set-up Biomedical- 316 SS and PMMA Ringer solution Special set-up
femoral
stem
17 Duisabeau et al. Fretting-corrosion Special set-up Biomedical- Head-Ti-6Al--4V Ringer solution Special set-up
[39] femoral Neck-SS316 steel
stem
18 Hallab et al. [18] Fretting-corrosion Special set-up Biomedical- CoCrMo alloy-head Ringer solution Special set-up
femoral
head
19 Luis et al. [30] Sliding-corrosion Special set-up Dental application CpTi Artificial saliva Ball is moving
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Fig. 1. Basic methodology used in the tribocorrosion system.

study primarily relies on the contact conditions and characteris-
tics of the mechanical parameters (including load, frequency and
velocity) in relation to practical applications. In the course of this
analysis, a set of design considerations are formulated and listed in
Appendix A.

3. Details of the developed tribocorrosion test apparatus

In the current work, a tribocorrosion system with a pin-on-ball
configuration was designed and constructed for hip joint applica-
tion. In this set-up, the tribological contact was comprised a pin
(horizontal) in contact with a ball, which underwent oscillatory
rotational motion. However, because of practical limitations, the
pin is always fixed and the other side of the ball is held by a poly-
mer support made from UHMWPE (ultra high molecular weight
polymethylene) to electrically disconnect the ball from the load
frame.

3.1. General description

The assembled tribocorrosion system is shown in Fig. 2(a)—(c).
The important components of the systems are (i) a tribocorrosion
cell, (ii) an electro-mechanical vertical load frame (UTS, Germany),
(iii) a pneumatic horizontal load frame, and (iv) support bearings.
The tribocorrosion cell is placed between the two support bear-
ings and holding the chemical solution or electrolyte. The vertical
load frame allows for precise up and down movement of the ball
holder. A rotary actuator, mounted on the traverse of the vertical
load frame, generates the cyclic rotation of the ball. A torque sen-
sor (Model: TRT-200, supplied by Transducer Technique, Temecula,
CA, USA) was placed in line with the ball holder. Using a polymer
connector/bush ensures that the ball holder is electrically isolated
from the load frame (test system). The left and right bearings bear
the shaft carrying the tribocorrosion cell. The horizontally aligned
pneumatic load frame is used to apply the axial load. The load cell
(ELPM-T3M-1.25KN, Entran Ltd, Hampton, VA, USA) is located in
line with the bearing axis and measures the applied load.

3.2. Tribocorrosion cell and data collection

The central component of the test system is the tribocorrosion
cell which consists of a double-walled cage made of acrylic glass
(Fig. 2(a) and (c)) allowing the circulation of water (heated water
bath system) to maintain a constant solution temperature inside
the tribocorrosion cell. Through the cavity at the top of the tribo-
corrosion cell, the ball holder is inserted so that the ball comes
into contact with the pin on one side and with polymer support
made from UHMWPE on the other side. Electrodes for the electro-

chemical test are also inserted into the solution. A standard calomel
electrode (SCE) is used as reference electrode and a graphite rod as
counter electrode. The sample to be tested (pin) acts as a working
electrode (WE). To maintain consistent test conditions, the elec-
trodes are always positioned in the same locations inside the cell.
Finally, the contact zone is clearly visible from Fig. 2. The pin surface
in the vicinity of the ball is exposed to the solution and in contact
with the ball. The pin is placed in the tribocorrosion cell through
the polymer pin holder, and special care is taken to avoid any like-
lihood of contact with the solution except at the surface, which is
in non-conforming contact with the ball.

Dissolved oxygen appears to have an important role for corro-
sion conditions in biomedical applications [44]. Hence, a dissolved
oxygen meter (Laserlab Inc, NY, USA) is used to monitor the dis-
solved oxygen level during the test. The system also allows for the
insertion of a dissolved oxygen level electrode into the tribocorro-
sion cell.

The applied load, the angle of rotation of the ball (amplitude of
oscillations) and the torque are monitored by a DARTEC 9690 con-
troller and the software package Workshop 9600 (Zwick, Germany).

A Gamry potentiostat is used in corrosion measurements using
a three electrode system. The potentiostat can be used for standard
corrosion tests including open circuit potential, potentiodynamic
and potentiostatic tests, electrochemical impedance tests. The
standard protocol used for this test consists of an initial stabiliza-
tion period, sliding period (based on number of cycles) and final
stabilization [40]. The wear volume loss can be estimated using
mathematical/empirical equations or imaging techniques.

4. Details of the pilot study

To validate the test system, a pilot study was carried out on
CoCrMo alloy samples in the presence of 2.4% NaCl solution (a com-
mon electrolyte used for electrochemical studies) and bovine calf
serum solution (BCS, proteins content is 30 g/L) the lubricant of
choice for hip wear testing. The tribological pair consisted of cylin-
drical CoCrMo pin, 12 mm diameter and 7 mm thickness with a flat
face articulating against a ceramic ball of 28 mm diameter at fre-
quency of 1Hz and amplitude of 15°. Because a flat surface was in
contact with a convex surface, the Hertzian pressure distribution
was estimated. A load of 16 N is required for a 350 MPa of Hertzian
contact pressure, which was used in the previous studies [45,46].

Two types of corrosion tests are recommended for tribocorro-
sion experiments. (1) Free potential: during this test the evolution
of potential is measured, where the anodic cathodic reaction rates
are equal and no current flows to or from the electrode. (2) Poten-
tiostatic test: a specific potential is applied (typically anodic, Epagsive.
Ecorr Or any selected potential, these potentials can determined
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Fig. 2. Assembled view of the entire tribocorrosion set-up.

from the potentiodynamic curves by using Tafel’s methods) and
the evolution of the current is monitored. The selection of poten-
tial is based on the potentiodynamic curves derived from the basic
corrosion tests (with no tribological events).

Initial tests (Test 1) were conducted at free potential conditions.
During the test, the evolution of electrode potential was monitored
for a period of 1000 cycles. Subsequently, a potentiostatic condi-
tion was selected, and the evolution of current was monitored at
Ecorr (Test 2). Next, a potentiostatic test (Test 3) at a potential of
Ecorr Was conducted at the identical conditions of Test 2 but in BCS
solution for comparison with 2.4% NaCl solution. Finally, to confirm
the suitability of the test system for long duration tests and to ver-
ify the reproducibility of the test results, two tests were conducted
for 100K cycles in BCS solution, under free potential (Test 4) and
potentiostatic conditions (Test 5).

5. Results and discussion

5.1. Evolution of corrosion potential and friction coefficient
values as a function of sliding time

5.1.1. General trend during 1000 cycles

The evolution of corrosion potential and friction coefficient as
a function of time is shown in Fig. 3(a). The evolution of potential
exhibited a trend towards reduced values during sliding which is
in agreement with previous work [24,37]. After completion of the
sliding motion, the potential returned to the initial value similar to
what has been observed during the final stabilization. In contrast,
the evolution of friction coefficient values appeared to remain con-
stant (ranging from 0.33 to 0.39) during the test period of 1000
cycles.

It should be noted that the potential measurement was based on
the potential differential spontaneously established between the
working electrode (WE) (i.e., sample) and a reference electrode

(RE). The potential clearly showed a cathodic increase (moving
towards cathodic potentials or cathodic shift) with increasing
duration of sliding. Generally, the decrease in corrosion potential
indicates an increase in corrosion tendency of the material surface.
Possible reasons for this result include removal of the passive films
and increase in exposed area during sliding. Further, the measured
corrosion potential reflects upon the galvanic coupling of two dis-
tinct surface states of the metal; (a) the passive metal (unworn
area) and (b) the bare metal (worn area) may have been exposed
to the solution by abrasion of the passive film. When the sliding
stopped, the corrosion potential attained the initial value because
of the formation of passive (oxide) film under stable condition.

Fig. 3(b) shows the evolution of potential for five cycles. It is
interesting to note the definite pattern of potential variation for
each cycle.

Ponthiaux et al. [27,28] theoretically identified the four key
parameters affecting the evolution of potential during the sliding:
(i) the intrinsic corrosion potentials of the worn and unworn sur-
faces; (ii) the ratio between the worn and unworn surface areas;
(iii) the relative position of worn and unworn areas; (iv) the mech-
anisms and kinetics of the involved reactions. Unfortunately, all
of the above parameters are difficult to define and control. In this
study, the worn area was partially/fully covered by the rotating ball.
Further, the nature of the unworn area was unpredictable because
it could react with surrounding solution and form a passive film
through the electrochemical reactions. This film was formed in an
organic environment containing proteins and lubricants depending
on the duration of exposure time and surface conditions.

In their studies on the fretting corrosion of Ti6Al4V, Duisabeau et
al. [39] also found the interdependency of free corrosion potential
and dissipated energy. The fretting causes a reduction in free poten-
tial which increases with dissipated energy level. In this study,
the tribological system resembled fretting tribological conditions
(although this is not a fretting test) because the contact zone/area
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Fig. 3. Results of the pilot study with 2.4% NaCl solution. (a) Evolution of electrode potential and friction coefficient for 1000 cycles; (b) evolution of electrode potential for

5 cycles.

was always covered by the ball. Hence, the passive film is con-
tinuously damaged leading to “surface depassivation”. This leads
to significant metal dissolution and reduction in corrosion poten-
tial. Consequently, knowledge about the local state of the surface
is critical for a precise physical interpretation of the relations and
material degradation. Recent techniques using microelectrodes or
the scanning reference electrode technique (SRET) may provide
more information on the potential distribution on surfaces includ-
ing the worn and unworn surfaces [7].

5.2. Evolution of current and friction coefficients at potentiostatic
conditions

The evolution of the current and friction coefficient at Ecorr iS
shown in Fig. 4(a). During rubbing in a potentiostatic condition
(Ecorr), the current displayed a clear increasing trend. Possible rea-
sons for this observations include the increase in surface area that
was exposed to the solution during the sliding motion and elimina-
tion of the passive films, which increased over-all corrosion current.

The results of tests in bovine calf serum (BCS; Test 3) are shown
in Fig. 4(b). Interestingly, the evolution of current as a function of
time shows steady state trend. This result is in contrast to the results
for 2.4% NaCl solution (Fig. 4(a)) that shows a gradual increase as a
function of the sliding duration. In addition, friction coefficient val-
ues were approximately half of those for 2.4% NaCl solution. These
results demonstrate the influence of protein solution on the tribo-
corrosion behavior (for example, lubrication and third body), which
need to be further investigated in subsequent studies.
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It is speculated that in BCS, proteins can get adsorbed onto the
negatively charged surface, i.e., the cathode (undamaged specimen
surface), and/or the counter electrode may have blocked the mass
transport of reduction reactants. This may have resulted in a dimin-
ished reduction process which in turn could have hindered the
anodic process.

5.3. Estimation of weight loss

Optical images of a typical wear scar after 1000 cycles are shown
in Fig. 5 and show that the test generated a spherical wear scar with
well defined boundaries.

A sample of the solutions was extracted at each interval and
analyzed for metal content using mass spectroscopy with cou-
pled plasma technique (high resolution ICP-MS). Fig. 6 shows the
evolution of Co and Cr content as a function of number of cycles
at free potential (Mo particles were below the detection limit of
0.05 mg/kg).

Fig. 7 shows a comparison of weight loss estimations using
two methods, namely, profilometric method and determination
of total metal content. Initially, from the wear scar profile, the
weight loss was estimated, as displayed in Fig. 7, marked as (A).
The total metal content was determined from the Co, Cr, Mo dis-
tributions in the extracted representative solution after the test
(marked as (B) in Fig. 7). There was good agreement between both
techniques, indicating the validity of the test set-up and weight loss
determinations. The small difference between both values could be
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Fig. 4. Results of the pilot study with BCS solution: evolution current and friction coefficient for 1000 cycles at Ecoyr.
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Fig. 5. Optical image of the wear scar obtained - three dimensional image of the
wear scar.
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Fig. 7. Comparison between weight loss estimation by wear scar profilometry and
total metal content (Test 4).

related to adhering wear particles to the counter body during the
operation.

5.4. Reproducibility of the results and comparison with other test
systems

In order to confirm the reproducibility the results from the tests,
three consecutive trials (Test 5) were conducted under a potentio-
static condition (at —0.28V vs SCE, other parameters are similar

Table 2
Weight loss estimation in a potentiostatic static test, (Test 5) illustrating the repro-
ducibility of the test results.

Tests Weight loss Average Standard Standard
[gl weight loss deviation error [pg]
(gl (gl
n=1 162.8
n=2 210.8
n=3 142.2 172.2 35.7 20.2
Table 3

Comparison of wear coefficient (k) with two other tribocorrosion systems from
literatures [25,47].

Three tribocorrosion test system Wear coefficient

(k) in pg/Nm
New tribocorrosion system 7.08E-03
Yan et al. [25] (sliding-corrosion system) 1.50E-02
Stack et al. [47] (microabrasion—-corrosion system) 5.39E-03

to Test 4) and results are displayed in Table 2. The developed tri-
bocorrosion test system exhibited satisfactory repeatability with a
standard error of 20.2 g and the coefficient of variation of 20.7%.

An attempt has also been made to validate the reliability of
the test system, by comparing the wear coefficient (k) values
(see Table 3) with two other tribocorrosion systems namely, a
reciprocating sliding-corrosion system (Yan et al. [23-25]) and a
microabrasion corrosion test system (Stack et al. [47]). Test con-
ditions were similar (sliding distance and load) with the same
material couples (CoCrMo alloy-alumina). The wear coefficient was
estimated by

Total weight loss (g)

k= {oad (N) x sliding distance (m)

As shown in Table 3, the calculated wear coefficient k was in
the same order of magnitude as those reported earlier. The evolu-
tion of in situ electrochemical parameters (potential or current) as
a function of sliding time were comparable to previous work, too
[20,40]. Hence, the system is reliable in indicating electrochemi-
cal responses in association with the tribological events during the
tribocorrosion process (see Fig. 4(a) and (b)) and the output is com-
parable with previous studies in literature. Investigations using this
system may contribute to a better understanding of the synergis-
tic interactions of wear and corrosion and categorize the possible
mechanisms involved in such complex process.

5.5. Limitations and future work

The current test set-up was specifically designed for bio-
tribocorrosion studies in total hip replacement. One of the
limitations is that the set-up relies on two bearings, i.e. a ceramic-
polymer articulation and the ceramic-metal articulation (Fig. 2), to
apply the normal load. Such a configuration, however, allows pre-
cise friction measurements without crosstalk effects [48]. Hence,
the normal load can be varied during the test, without affecting
friction measurements. For this, a pneumatic cylinder system is
used which is also helpful to compensate any load reduction during
linear penetration of the ceramic ball into the counterface. Another
limitation is that the ceramic-on-metal articulation is not a bearing
couple in clinical use. However, the ceramic or inert counter body is
necessary in the current set up (Figs. 1 and 2) to monitor and control
the electrochemical measurements of the tested metal sample.

In future, studies are planned that will consider various elec-
trochemical and mechanical parameters with a structured CoCrMo
surface to test whether such surfaces can enhance the formation
of a dynamic tribo-chemical reaction layer (Wimmer et al. [14,48])
during tribological interactions between counter bodies in the pres-
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ence of biological solutions. Other materials combinations also will
be considered. The influence of proteins and other components of
synovial fluid on the tribocorrosion behavior of the implant mate-
rials will be studied in detail.

6. Conclusions

In this work a new tribocorrosion test system was designed and
constructed specifically for hip joint applications. A review of the
existing tribocorrosion apparatus in the literature has been pro-
vided. The results of a pilot study were discussed

The following conclusions can be drawn:

¢ The construction of a tribocorrosion set-up requires special atten-
tion, and a set of design considerations have been formulated.

® The developed system is appropriate for tribocorrosion investi-
gations of implant materials and for simulating the hip joint.

M.T. Mathew et al. /| Wear 271 (2011) 2651-2659

e Evolved electrochemical parameters and mechanical events were
comparable to those previously reported in the literature.

¢ Thorough knowledge of the test system dynamics and configu-
rations of the tribological contacts is critical for the analysis and
interpretation of results.
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Appendix A. Flow chart for developing a tribocorrosion test
set-up

1. Mechanical considerations:
(a) The test setup reflects the geometry and contact
conditions (conforming or non conforming) of the

(a) The data collection should be precise and error a)
estimation should be done;

v v v
g 2 Data collection and synchronizing the results M ﬂ Chemical/corrosion considerations: \

The potentiostat should be a standard one;
b)  Setting up the three electrode system: the positions

alignment of the articulating surfaces is important practical applications;
because of possible particle accumulation in the

contact zone.

/ -

solution

practical application; (b) There is a need to ) sync_hronize both data are very important; [
(b)  The proper control of load and torque are necessary (C]CCtr.OChleCal and tribological), for example, c¢) The (fhambcr/cell should be made of insulating
(c) Contact conditions are to be predetermined; \_ evolution current and load /torque. Y, materials;
(d) Movement of the counter-body, e.g. direction or / \ d)  Temperature controlled systems: the proper
frequency are critical; 3.Operating variables methodology should be adopted
(e) The system contact positions, horizontal or vertical (a) The selection of test parameters must be relevant to Q) A standard protocol should be used.

(b) Proper care should be taken in the preparation of

3. Biological considerations: \
(a) The biological solution should be a standard and

representative to the application;

J

(b) Dissolved oxygen level and pH levels can be
monitored.
(¢c) To determine the evolution wear particles, sample

Reliable Tribological
responses.

|

Tribocorrosion set-up

Synchronization
of data

solution can be collected at ecach interval.
Collected  solution  should be a true
\ representative.
“( Electrochemical set-up —
4
Reliable Electrochemical
responses.

[ Tribocorrosion synergistic interactions, mechanisms and understanding ]
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