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Bioactivity of CoCrMo can be enhanced by incorporation of hydroxyapatite (HAP), but the poor
mechanical properties of HAP is the most serious hindrance for its application on load-bearing implants,
especially when exposed to corrosion and wear, simultaneously. Thus, the present work aims to
investigate the tribocorrosion behaviour of CoCrMo—HAP composites. The tribocorrosion tests were
performed under open circuit potential (OCP) in 8 g/l NaCl at 37 °C by using a ball-on-plate tribometer.
Results suggested that HAP particle addition increased the corrosion rate due to localized corrosion
taking place on the pore sites near the matrix/reinforcement interface. However, under tribological
action, composite samples presented relatively lower tendency to corrosion and lower coefficient of

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

CoCr alloys are widely used for load-bearing and articulating
orthopaedic applications such as hip or knee joints, pins and plates
[1-3]. CoCrMo alloys are one of the most common groups of these
alloys because they exhibit an adequate balance in strength,
fatigue and wear, together with corrosion resistance [4]. CoCrMo
is a biotolerant material; however difficulties have been reported
regarding its capabilities of bonding directly to hard tissues. The
encapsulation of the device by fibrous tissues is undesirable for
this kind of application [5]. In order to improve the bone-bonding
ability, as well as to promote natural bone in-growth, hydroxya-
patite (HAP) is being applied as coating to the implant materials
owing to its similar composition to the mineral part of natural
bone [5-9]. However, low fracture toughness, failure at the metal/
coating interface due to mismatch of properties, and phase
decomposition of HAP at elevated temperatures (i.e. coating
temperatures) are the main concerns [6,7,10-13].

It is known that sharp interfaces on coatings can be avoided by
using functionally graded composite structures providing a progressive
change in structure and properties [14]. Ti—HAP composites are
widely studied and furthermore, several studies [15-19] are also
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available on Ti—HAP functionally graded materials (FGMs). However,
the tribocorrosion behaviour of the CoCrMo— HAP system as FGM or
composite material is yet to be studied.

A very recent study by Jamaludin et al. [20] reported that
bioactivity of CoCrMo can be improved by reinforcing with HAP
particles. However, corrosion and tribocorrosion of these compo-
sites needs to be evaluated since articulating orthopaedic metallic
implant materials suffers simultaneously corrosion and wear (i.e.
tribocorrosion) in body conditions resulting in release of metallic
ions as well as wear and corrosion products [3,21,22]. Tribocorro-
sion is an irreversible process where simultaneous physico-
chemical and mechanical interactions take place [23]. The total
degradation due to tribocorrosion is generally different than ones
due to corrosion in the absence of wear and due to wear in the
absence of corrosion [24,25].

Tribocorrosion behaviour of CoCrMo alloy has been investi-
gated by several authors [26-31]. Tribocorrosion behaviour of hot
pressed CoCrMo alloy and its composites reinforced with Al,O3
particles have also been reported by some of the present authors
[32,33]. It has been reported that hot pressed CoCrMo alloy
exhibited lower tendency to corrosion under sliding as compared
to commercial cast CoCrMo and Ti6Al4V alloys [32]. In MMCs, the
reinforcing phase can act as a load-bearing element; thus the
reinforcing phase can protect the matrix not only against wear but
also against corrosion since the passive film on the matrix metal is
not significantly damaged by the counter metal [34-36]. However,
if the matrix/reinforcement interface is not strong enough to
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Table 1
Chemical compositions of the CoCrMo particles.

Table 2
Particle size distribution.
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Fig. 1. X-ray diffraction spectrum of the as-received HAP powder.

transfer the load, an improvement on wear-corrosion resistance
may not be obtained [33,37]. Therefore, it is very important to
understand the tribocorrosion behaviour of CoCrMo—HAP com-
posites before considering them as a biomaterial. Thus, the present
study aims to investigate the corrosion and tribocorrosion beha-
viour of 10 vol% HAP reinforced hot pressed CoCrMo matrix
composite in comparison with its base alloy in 8 g/I NaCl solution,
as a first approach to understand the tribocorrosion behaviour
CoCrMo — HAP composite structures for implant applications.

2. Experimental procedure

Hot pressed CoCrMo and CoCrMo — 10HAP composites were
produced by using CoCrMo (Nobilmetal, Nobil 4000, Villafranca
d’Asti, Italy) and HAP (Fluidinova, nanoXIM-HAp403 Moreira da
Maia, Portugal) particles both in spherical shape. The chemical
composition of the CoCrMo (from supplier's datasheet) is given in
Table 1, the XRD spectrum of the HAP powder obtained by the
Bruker D8 Discover diffractometer equipped with a Cu Ka radia-
tion source is given in Fig. 1. The particle size distributions were
obtained by a laser particle analyser (Malvern Series 2600) and the
results are given in Table 2 by D[v,0.1], D[v,0.5] (volume median
diameter), and D[v,0.9] values presenting below which smaller
particles constitute 10%, 50%, and 90% of the total volume,
respectively.

Prior to the processing, CoCrMo and HAP particles were mixed
using a ball mill rotating at 80 rpm for 3 h. After removing the
humidity from the mixture in a muffle furnace at 105 °C for 1 h,
the samples were produced by hot pressing at 1000 °C under
vacuum of 0.01 mbar, and at a constant pressure of 40 MPa with a
sintering time of 30 min. The details of the processing procedure
are given elsewhere [32].

Prior to the each test, the cylindrical samples 10 mm in
diameter and 5 mm in height, were ground down to 4000 mesh
size SiC paper and polished down to 1 pm using a diamond paste.
After polishing, the samples were ultrasonically cleaned in propa-
nol for 10 min followed by rinsing in distilled water for 5 min.
Each sample was kept in a desiccator for 24 h before starting the
corrosion and tribocorrosion tests in order to obtain the similar
surface conditions.

Particle size distribution (pm) D[v,0.1] D[v,0.5] D[v,0.9]
CoCrMo 538 9.61 17.16
HAP 2.44 8.34 2211

Porosity values were determined by an image analysis techni-
que using Leica DM2500 OM and Image ] 1.37v image analysis
software. Vickers microhardness values were determined as a
mean of 5 indentations per sample at a load of 500 g during 15 s
(Shimadzu microhardness tester) whereas Vickers macrohardness
were determined by a mean of 5 indentations per sample at a
30Kg load with dwelling time of 20s (Officine Galileo Mod.
D 200).

Corrosion tests were carried out in 200 ml of 8 g/l NaCl solution
at body temperature (37 + 2 °C), using Gamry Potentiostat/Galva-
nostat (model Reference-600). Prior to the tests, the pH values of
the electrolyte were measured by a pH-metre (EUTECH Instru-
ments pH 510) as 5.72 + 0.04. A three-electrode electrochemical
cell (adapted from ASTM: G3-89) was used for the electrochemical
measurements, where saturated calomel electrode (SCE) used as
the reference electrode, Pt electrode used as the counter electrode,
and samples having an exposed area of 0.38 cm? used as the
working electrode. Cyclic polarizations were performed by using
an initial delay time at equilibrium state of 60 min in order to
stabilize the surface at OCP. A polarization scan was carried out in
the anodic direction, starting at 0.25 V/SCE more negative than
(Eocp), at a rate of 0.5 mV/s. The sweep direction was reversed at
1 V/SCE.

Tribocorrosion tests were performed in a triboelectrochemical
cell containing 30 ml of 8 g/l NaCl solution installed on a trib-
ometer (CETR-UMT-2) with the working surface of the samples
facing upwards against the counter material (10 mm diameter
alumina ball having a polished surface, Goodfellow). The tests
were carried out at body temperature by using the same three-
electrode set-up, together with the same potentiostat that used in
the corrosion tests. Measurement of corrosion potential is chosen
as a triboelectrochemical technique. After 1 h of immersion in
order to obtain the stable OCP values, the sliding started in a
reciprocating system with total stroke length of 3 mm, frequency
of 1Hz, normal load of 1N (corresponds to approx. 0.59 GPa
maximum Hertzianz contact pressure for the unreinforced alloy)
and total sliding time of 30 min. All corrosion and tribocorrosion
tests were repeated at least three times in order to have
repeatability.

After tribocorrosion tests, samples were cleaned following the
same cleaning procedure applied before testing and the wear
profiles were taken by a contact profilometer (Mitutoyo Surftest
SJ-500).

As-produced samples, corroded surfaces, the wear tracks of the
samples and the worn surfaces of the counter material were
characterized using a FEI Nova 200 Field Emission Gun Scanning
Electron Microscope (FEG-SEM) equipped with EDAX, Energy
Dispersive X-Ray Spectroscopy (EDS).

3. Results and discussion
3.1. Microstructure and physical properties

Microstructure of the hot pressed CoCrMo alloy has previously
been presented elsewhere [33] together with its structural analy-

sis. The microstructure is composed of a y (fcc) phase plus ¢ phase
as a secondary phase. Low magnification SEM images taken from
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Fig. 2. BSE SEM images of as-processed CoCrMo — 10HAP composites representing
(a) general view at low magnification, (b) matrix area at higher magnification
having HAP particles underneath, and (c) matrix/reinforcement interface.

1.0
CoCrMo
CoCrMo-10HAP
0.5
=)
Q
wn
4
Z 0.0
=
-0.5

T T
10™ 10° 10® 107 10® 10° 10* 10° 10%
i(A.em?)

Fig. 3. Representative cyclic polarization curves (the straight line indicates the
anodic direction and the dash line indicates the reverse direction).

CoCrMo — 10HAP composites revealed a relatively homogenous
distribution of HAP particles (Fig. 2a). However, higher magnifica-
tion SEM images taken from the matrix area revealed the presence
of porosity (Chinese script-like in appearance) on the sites having
a HAP particle underneath (Fig. 2b). The porosity on the matrix/
reinforcement interface can be seen clearly on the SEM images
taken from the interface (Fig. 2c). This porosity may be related
with the dehydration of HAP particles during the sintering process.
It has been reported that HAP contains two types of water in its
structure, namely adsorbed and lattice water. The adsorbed water
participates in a reversible process where a thermal instability
occurs from 25 to 200 °C. On the other hand, the lattice water is
irreversibly lost at the temperature of 200—400 °C. The HAP
dehydration leads to the release of OH™ and then it is transformed
in hydroxyoxyapatite at higher temperatures. However, if the
thermal cycle is performed under vacuum, HAP loses its OH™ at
lower temperatures (about between 850 and 900 °C) [38,39].
Further studies are underway in order to have a clear under-
standing to the dehydration mechanism.

Consequently, the porosity values were increased with HAP
addition from 0.09 + 0.06 to 1.95 + 0.26%. Accordingly, although
the macro-hardness values were measured as 394 + 12 HV for the
unreinforced alloy and 405 + 4 HV for the composite, the micro-
hardness values taken from the matrix region of the composite
(460.7 + 144 HV) were decreased as compared to that of the
unreinforced alloy (480.8 +9.2 HV).

3.2. Corrosion behaviour

Fig. 3 presents representative cyclic polarization curves and
Table 3 presents the estimated corrosion potential (E;_oy) and
corrosion current density (icorr) Values obtained by a Tafel extra-
polation method. As can be seen in Table 3, incorporation of HAP
did not create a significant difference on the corrosion potential of
the CoCrMo alloy; however, corrosion current density, i.e. corro-
sion kinetics increased with HAP addition. On the other hand, as
observed in Fig. 3, while a passivation plateau was observed for
the unreinforced alloy between approx. 0.02-0.29V having
passivation current density (ipass) 0f 3.53 x 107% A cm~2, no pas-
sivation plateau was observed for the composite sample. Further-
more, a small plateau where the potential was stable around
0.07V was observed for the composite sample that may be
occurred due to the localized corrosion on the pore sites.

In metal matrix composites (MMCs), incorporation of ceramic
particles can modify the matrix structure or may create some
structural flaws (i.e. pores, crevices) that can have an influence on
the corrosion behaviour of the composite material [33,40,41]. It
has been reported by several authors that the pore areas close to
the particle contact zones may cause crevice corrosion [42-49].
However, within the reported cases, the porosity values were in
the range between 8% and 50%, which is much higher than the
present study (1.95%). Even though, the lack of passive plateau on
the composite may be explained by the contribution of the
localized corrosion on the pore sites around the HAP particles.
Similar case has previously been reported by some of the present
authors [33] on hot pressed CoCrMo—Al,03 composites where
interfacial gaps were obtained due to the poor physical contact

Table 3
Corrosion potential (E(;_¢)) and corrosion current density (icorr) values.

Samples Ei—o) (V) icorr (x 1078 Acm~2)
CoCrMo —0.342 +0.015 14.5+0.1
CoCrMo — 10HAP —0.336 +0.011 845+76
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Fig. 5. The evolution of the OCP together with COF values during sliding.

between the matrix and the reinforcement mainly due to the
rough surface structure of the Al,03 particles resulting in lacking
of passivation plateau on the polarization curves. Therefore,
although no considerable hysteresis loop was observed on the
cyclic polarization curves, this behaviour was explained by
porosity-induced localized corrosion took place on the interfacial
gaps between matrix and the reinforcement. Accordingly, llevbare
[50] reported a localized attack after microstructural investiga-
tions of the corroded Ni—Cr—Mo alloy samples even though a
very small or no hysteresis loop were observed in the polarization
curves. The influence of the localized corrosion is indicated by the
SEM images of the corroded samples presented in Fig. 4. When
compared with the as-processed condition (Fig. 2b), it can be seen
that the pores became relatively bigger and some underneath HAP
particles reached to the surface due to the localized corrosion on
the interfacial pore sites.

3.3. Tribocorrosion behaviour

The evolution of OCP before, during, and after sliding is given in
Fig. 5 together with the coefficient of friction (COF) values
recorded during sliding. OCP values were stable for both materials
before sliding. When sliding started, a sudden decrease on the
potential values was observed on both materials. This behaviour
being usually attributed to the damage on the passive film at the
contact region [25,32,51]. However, this decrease in potential
occurred in a lower extend on the composite samples in compar-
ison to the unreinforced alloy. Moreover, composite samples

presented less negative OCP values during sliding indicating less
tendency to corrosion under sliding in NaCl solution. In both
samples, after sliding, OCP values increased up to near the initial
values due to repassivation of the damaged passive oxide film
[25,32]. On the other hand, composite samples presented lower
COF values during sliding.

Fig. 6a and b presents the SEM images taken from the centre of
the wear tracks (sliding directions are indicated by the arrows in
the micrographs). Sliding grooves were observed on both samples,
being attributed to abrasive wear. However, the depth of the
abrasion grooves seems to be considerable less on the composite
sample. Fig. 6¢ and d presents representative aspects of the wear
scars of the counter material (alumina ball) slid against the
unreinforced and reinforced samples, respectively. Material trans-
fer from the samples to the alumina ball was observed on the
worn surfaces in both cases, as well confirmed by EDS analysis
(Fig. 6e-g), suggesting an adhesive wear mechanism. Moreover,
considerable amounts of Ca and P were detected on the surface of
the counter material slid against the composites, indicating
transfer of HAP to the ball (Fig. 6g).

MMCs for wear resistant applications are developed by using
hard reinforcement particles in order to take the advantage of the
particles for load carrying under sliding [52]. If the matrix/
reinforcement interface is strong enough to keep the reinforcing
particles intact on the surface, the load is mainly carried by the
hard reinforcement phase. In this way, the metallic matrix and
thus the passive film on the metallic surface are not damaged
significantly leading to a better triboelectrochemical response
under tribocorrosion conditions [36]. However, if the interface is
not strong enough and particularly, if hard angular particles having
sharp edges are used as a reinforcement phase, the particles can be
detached under sliding and may act as extra abrasives which result
in catastrophic wear and worse triboelectrochemical response
[37]. In the present study, HAP particles were used not to reinforce
the tribological or mechanical properties but to promote biological
properties. Since HAP has relatively low mechanical resistance, it
can be expected that the HAP particles can be damaged under
sliding resulting in pulling out or spalling of the particles. This was
confirmed by SEM/EDS studies, particularly by the adherent HAP
particles on the counter material surface (Fig. 6d and g). It has
been reported that detached HAP debris may act as a solid
lubricant on the sliding surfaces [53]. Dry particulate lubricants,
more specifically powder lubricants usually adhere to the inter-
acting surfaces and enhance lubrication, lowering friction, and
may also exhibit some limited load carrying effect; thus providing
some protection to the passive film of the matrix material [54].
Therefore, the lower COF values observed on the CoCrMo —HAP
composite samples may be explained by some lubricant effect
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Fig. 6. SEM images of wear tracks on (a) CoCrMo and (b) CoCrMo — 10HAP composite; BSE SEM images of the worn counter material surfaces corresponds to (a) CoCrMo and
(b) CoCrMo — 10HAP composite; (e-g) EDS analysis taken from the marked areas (Z1, Z2, and Z3).

brought by the HAP debris also leading to less mechanical damage
on the metallic surface being responsible for the lower tendency to
corrosion under sliding as compared to the unreinforced alloy.
However, further studies are needed to be performed on the
composites having different HAP volume fractions, in order to
have a better understanding to the lubricant role of the HAP
debris.

Fig. 7 gives the representative wear track profiles for the both
samples, taken from centre of the wear tracks. Although relatively
lower COF values were observed on the composite samples, the
total wear loss was similar for both samples.

Since the work aimed at comparing tribocorrosion behaviour
hot pressed CoCrMo and its composite, measurement of corrosion
potential is chosen as a triboelectrochemical technique as a simple
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Fig. 7. Representative wear track profiles.

technique allowing to gather information on the surface state of
the sliding metals [55]. On the other hand, in order to avoid the
complexity of physiological body fluids, 8 g/l of NaCl was used as
an electrolyte as the major compound of Hank's Balanced Salt
Solution (HBSS) and Phosphate Buffered Saline (PBS) physiological
solutions. However, in order to get more close to the in-vivo
conditions, tribocorrosion behaviour of CoCrMo —HAP composites
should also be studied physiological solutions, together with the
presence of proteins and bio-organisms. Furthermore, tribocorro-
sion tests should also be performed under potentiostatic and
potentiodynamic conditions in order to study the corrosion
kinetics under sliding. The variations of the pH and metal ion
content of the electrolyte after the tribocorrosion tests should be
considered together with the detailed characterisation of the wear
debris generated during the tribocorrosion process in order to
have a better understanding to the tribocorrosion behaviour.
Finally, the in vitro and in vivo biological phenomena and
mechanisms should be understood before considering CoCr-
Mo —HAP composites as a biomedical application.

4. Conclusions

CoCrMo-HAP composites were processed by hot pressing and a
first insight on the investigation of the tribocorrosion behaviour of
those materials was performed. Corrosion studies under static condi-
tions revealed that HAP addition did not change significantly the
tendency of CoCrMo alloy to corrosion but increased the corrosion rate
due to porosity-induced localized corrosion taking place on the pore
sites near matrix/reinforcement interface. However, under tribocorro-
sion, the total damage was similar in the unreinforced and reinforced
materials, indicating that the introduction of HAP in the composite
does not affect significantly the overall tribocorrosion degradation.
Nevertheless, during tribocorrosion, composite samples presented
lower tendency to corrosion and a slightly lower COF, attributed to
the lubricant effect of the released HAP debris, indicating that
tribocorrosion mechanisms are different from those observed in the
unreinforced material.
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