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Alumina/alumina wear couple can lower the wear rates and thus metallic ion releasing on load

bearing metallic implant materials. However, the low fracture toughness of ceramics is still a major

concern. Therefore, the present study aims to process and to triboelectrochemically characterise

the 5 and 10 vol.-%Al2O3 reinforced CoCrMo matrix composites. Corrosion and tribocorrosion

behaviour of the composites were investigated in 8 g L21 NaCl solution at body temperature.

Corroded and worn surfaces were investigated by a field emission gun scanning electron

microscope equipped with energy dispersive X-ray spectroscopy. After tribocorrosion experi-

ments, wear rates were calculated using a profilometer. Results suggest that Al2O3 particle

addition decreased the tendency of CoCrMo alloy to corrosion under both static and

tribocorrosion conditions. However, no significant influence on the corrosion and wear rates

was observed in composites mainly due to increased porosity and insufficient matrix/

reinforcement bonding.
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Introduction
Implant materials are subjected to the relative move-
ments, which can cause wear damage, together with the
corrosive attack of the body fluids.1,2 This combined
action of wear and corrosion is defined as tribocorro-
sion, being estimated that in hip implant systems, 20–
30% of the material losses can be attributed to corrosion
related damage through wear induced/enhanced corro-
sion process.3,4

Co based alloys are widely used for load bearing and
articulating orthopaedic implants.5–8 Even though
among all implant materials, CoCrMo alloys exhibit
the most useful balance in strength, fatigue and wear,
together with corrosion resistance,9 wear debris genera-
tion and metallic ion releasing are still a major concern
for CoCrMo implant materials.10–13 It has been reported
that the wear and corrosion products that are generated
locally by the implant interfaces may lead to peripros-
thetic inflammation and implant loosening.10,14 Besides,
released metallic ions from the implant material may

become clinically significant over the time, which may
result in allergic reactions as well as contribute to
implant failure and osteolysis.11

It has been suggested that Al2O3 coatings may be a
solution to minimise problems related to wear debris
and metallic ion release. Even though Al2O32ultrahigh
molecular weight polyethylene bearing couples are
reported to reduce the wear by at least a factor of 2 as
compared to the standard CoCr femoral heads, wear
rates for Al2O32Al2O3 bearing couples can lower the
wear rates more than 50 times when compared to the
standard CoCr2ultrahigh molecular weight polyethy-
lene couples. However, the low fracture toughness of
ceramics is a major concern since even a slow crack
growth under stresses well below their fracture strength
may be a risk of catastrophic bearing failure in implant
materials.10

It is well known that problems related to the low
fracture toughness of the monolithic ceramics can be
overcome using composite materials.15 Composite
structures can also be used to produce functionally
graded materials that can eliminate the problems related
to the sharp interface transitions found in coatings.16

However, there is very limited information on Co based
composite structures for biomedical applications.

Grądzka-Dahlke et al.17 studied the mechanical and
tribological properties of CoCrMo based, calcium
pyrophosphate, boron carbide and silicon nitride
reinforced composite materials and reported that
CoCrMo based composites can be the alternative
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materials for biomedical applications since they offer
increased mechanical properties and corrosion resis-
tance. Oksiuta et al.18 studied the structural, mechanical
properties and corrosion behaviour of CoCrMo based,
5, 10 and 15 wt-% bioactive glass reinforced composites
and reported that, even though ultimate compressing
strength and elastic properties of the composites were
decreased with increasing amount of the bioglass
addition, composites exhibited better corrosion proper-
ties as compared to the base alloy. However, while
several works were performed on the tribocorrosion
behaviour of cast and hot pressed (HP) CoCrMo
alloy,7,19–27 tribocorrosion behaviour of CoCrMo based
composites is yet to be studied.

Reinforcing metallic materials with ceramic particles
may improve the tribocorrosion behaviour of metal
matrix composites (MMCs) by the load carrying effect
of the reinforcing particles.28 However, if the matrix/
reinforcement bonding is weak, and the reinforcing
particles are not strong enough to withstand the loads,
reinforcing particles may be detached or fragmented
under the sliding, which may result in even worse wear
behaviour as compared to the unreinforced alloy due to
the third body effect of the particles.29 Therefore, the
present study aims to investigate the corrosion and
tribocorrosion behaviour of 5 and 10 vol.-%Al2O3

reinforced HP CoCrMo matrix composites in compar-
ison with its base alloy in 8 g L21 NaCl solution, as a
first approach to understand the triboelectrochemical
behaviour of the homogeneous outmost layers of a
CoCrMo2Al2O3 functionally graded materials for
implant applications.

Experimental

Materials
Hot pressed CoCrMo and its composites reinforced by 5
and 10 vol.-%Al2O3 were produced using CoCrMo
(Nobilmetal, Nobil 4000, Villafranca d’Asti, Italy) and
Al2O3 (Goodfellow) particles both in spherical shape.
The chemical composition of the CoCrMo powder is
given in Table 1, and the particle size distributions of
both CoCrMo and Al2O3 powders (obtained by a laser
particle analyser, Malvern Series 2600) are given in
Table 2.

Processing
Before the processing, Al2O3 powders were cleaned with a
solution of two acids (1HF:1HNO3) in order to obtain a
better physical contact with the matrix powders. After
cleaning, CoCrMo and Al2O3 powders were mixed using a
ball mill rotating at 80 rev min21 for 3 h and dried in a
muffle furnace at 105uC, for 1 h in order to remove the
humidity. The samples were produced by hot pressing at
1000uC under vacuum (0?01 mbar) and at a constant
pressure (40 MPa) with a sintering time of 30 min. The
details of the processing procedure is explained elsewhere.27

Before each test, the samples were ground down to
4000 mesh size SiC paper followed by polishing with
diamond paste down to 1 mm. After polishing, samples
were ultrasonically cleaned in propanol for 10 min
followed by distilled water during 5 min. The samples
were kept in a desiccator for 24 h before starting the
tests in order to obtain the similar surface conditions.

Physical characterisation
The porosity content was determined by metallographic
image analysis technique using Leica DM2500 OM and
Image J 1?37v image analysis software. Vickers hardness
was evaluated as a mean of five indentations per sample
using an Officine Galileo Mod. D 200 tester at a load of
30 kg with dwelling time of 20 s.

Corrosion tests
Open circuit potential (OCP) and cyclic polarisation
measurements were performed in a 8 g L21 NaCl
solution at body temperature (37¡2uC) using Gamry
potentiostat/galvanostat (model Reference-600). Before
the tests, the pH values of the electrolyte were measured
through a pH meter (EUTECH Instruments pH 510) as
5?72¡0?04 at 37uC. A standard three-electrode electro-
chemical cell (adapted from ASTM G3-89) with an
electrolyte volume of 200 mL was used for the measure-
ments, where saturated calomel electrode (SCE) was used
as the reference electrode, Pt electrode was used as the
counter electrode and the samples having an exposed area
of 0?38 cm2 was used as the working electrode. Cyclic
polarisations were performed using an initial delay time
of 60 min in order to stabilise the surface at OCP. A
polarisation 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 s21. The sweep direction was reversed at
1 V(SCE).

Tribocorrosion tests
For the tribocorrosion tests, the electrochemical cell was
installed on a ball on plate tribometer (CETR-UMT-2)
with the working surface of the samples facing upwards,
against the counter material. The electrochemical measure-
ments were carried out at 37¡2uC using the same three-
electrode set-up, together with the same equipment and
30 mL of the same electrolyte (8 g L21 NaCl) used in
corrosion tests. Since the work aims at comparing tribo-
corrosion behaviour of three different samples, measure-
ment of corrosion potential is chosen as a triboelectro-
chemical technique owing to its simplicity for gathering
information on the surface state of the sliding metals.30

Thus, OCP was measured before, during and after sliding
where the sliding action started after 1 h of immersion in
order to obtain the stable OCP values. After stabilisation,
a 10 mm diameter alumina ball (Goodfellow) was loaded
and the sliding applied in a reciprocating system with total
stroke length of 3 mm, frequency of 1 Hz, normal load of
1 N and total sliding time of 30 min.

After tribocorrosion tests, samples were ultrasonically
cleaned in propanol for 10 min followed by distilled

Table 1 Chemical compositions of CoCrMo powders
(from supplier’s datasheet)

Element Co Cr Mo Si Mn Ni C

wt-% Balance 28.0–30.0 5.0–6.0 Trace Trace Trace Trace

Table 2 Particle size distribution

Particle size distribution/mm D[v,0.1] D[v,0.5] D[v,0.9]

CoCrMo 5.38 9.61 17.16
Al2O3 11.16 30.21 53.59
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water during 5 min. The width and the deepness of the
wear tracks were measured by a contact profilometer
(Mitutoyo Surftest SJ-500), and the wear rates were
calculated by the procedure that is explained elsewhere.27

Chemical and microstructural characterisation
Phase analysis of the as processed CoCrMo alloy was
carried out by X-ray diffraction using a Bruker D8
DISCOVER diffractometer equipped with a Cu Ka

radiation source. As processed microstructures were
characterised under a Leica DM2500 optical microscope
(OM) and a Nano FEI Nova 200 field emission gun
scanning electron microscope equipped with an energy
dispersive spectrometer (EDS). Corroded surfaces after
corrosion tests and worn surfaces after tribocorrosion
tests were also characterised using a field emission gun
scanning electron microscope/EDS. All worn surface
micrographs were taken as parallel to the sliding
direction.

Results and discussion

Microstructure and physical properties
The X-ray diffraction spectrum obtained from HP
CoCrMo alloy (unreinforced material) is given in
Fig. 1a. It has been reported that Co based alloys
exhibit a a-fcc metastable matrix due to the slow rate of
the fccRhcp transformation.31 As can be seen on the
spectrum, c (fcc) phase was obtained as the matrix phase
of the alloy. Besides, s phase was identified with data
available for s-CrCo.32,33 Those phases can be seen on
the SEM image given in Fig. 1b.

It is well known that homogeneous particle distribu-
tion should be obtained in MMCs in order to achieve
the desired properties.34 As can be seen on the low
magnification OM images on Fig. 2, relatively homo-
geneous particle distribution was observed on HP
CoCrMo–Al2O3 composites. However, as Al2O3 particle
content increased, porosity increased and hardness
values decreased as shown in Table 3. Since solid
diffusion is one of the most important phenomenon
that controls the powder metallurgy based processing
routes, porosity may increase with the increased volume
fraction of inert ceramic reinforcement phase.35–37 It is
well known that, in MMCs, hard reinforcement phase
carries much of the applied load, and therefore, hardness
increases as compared to the unreinforced matrix.38

However, in case of presence of porosity, the expected
hardness values could not be obtained or even
decreased.39

Corrosion behaviour
The representative cyclic polarisation curves of the base
CoCrMo alloy and the composite samples in 8 g L21

NaCl solution at body temperature are given in Fig. 3.
On the forward scan, the base CoCrMo alloy presented
a direct translation from the Tafel region to a passiva-
tion plateau having a range of 277¡11 mV at
ipass5(3?53¡0?09)61026 A cm22, with starting poten-
tial ,21¡8 mV due to the formation an oxide film on
the alloy surface.40,41 However, passive plateau was not
observed for the composite samples, which represented
gradually increased anodic current densities. Above a
potential of ,645 mV, all samples presented similar
behaviour on the polarisation curves.

Corrosion potential and current density values were
calculated by Tafel extrapolation method, and the
results are given in Table 4. As can be seen from the
values, corrosion potential E(i50) values were decreased
by Al2O3 particle addition. This behaviour can be
explained by the diminished exposed surface area after
incorporation of inert Al2O3 particles, which shift the

1 a X-ray diffraction spectrum and b BSE image of HP

CoCrMo alloy

2 Optical microscope images of a CoCrMo–5Al2O3 and b CoCrMo–10Al2O3 composites
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corrosion potential to more noble values.42,43 It has been
reported that ceramic particle additions into a metal
may increase the corrosion resistance of the base metal
by the inert physical barrier role of the particles.44,45

However, this behaviour was not clearly observed in the
present study; even though first there was a small
decrease and then an increase on the mean corrosion
current density icorr values by the particle addition, when
it considered within the range of the standard deviation,
no clear difference was observed between the samples
(Table 4.).

The corrosion behaviour of MMCs can be signifi-
cantly affected by the microstructure and composition of
the matrix material, the reinforcement phase, micro-
cracks, residual stresses, microcrevices, porosity, sec-
ondary phase precipitates and interfacial products.46–49

The main causes of the corrosion in MMCs are reported
as galvanic coupling between the matrix and the
reinforcement materials, selective corrosion at the
matrix/reinforcement interface, chemical degradation
of interphases and reinforcement materials and corro-
sion of matrix defects.50,51 Since Al2O3 is an inert
material, it is not expected to affect directly the
corrosion behaviour by the formation of a galvanic
coupling between the matrix and the reinforcement or a
chemical degradation of the reinforcing material.52

Besides, no interaction products were detected at the
matrix/reinforcement interface. However, incorporation
of ceramic particles can modify the matrix structure or
may create some structural flaws (i.e. pores and
crevices), which may have an influence on the corrosion
behaviour of the composite material.52,53 It has been
reported by several authors that the pore areas close to
the particle contact zones, which occur due to the
uncompleted sintering process, may cause crevice
corrosion.18,54–60 However, within those studies, the
reported porosity values are in the range between 8 and

50%, which is much higher than the present study (0?29–
2?44%). Even though, the lack of passive plateau on the
composite samples may be explained by a small contribu-
tion of the localised corrosion due to the porosity and
matrix/reinforcement discontinuities. However, as it can be
observed in Fig. 3, when scan is reversed, just a very small
hysteresis loop was observed in all samples. Even so,
localised damage was visible on corroded surfaces (Fig. 4).
A similar case has also been reported by Ilevbare61

regarding the investigation of the crevice corrosion
properties of a Ni–Cr–Mo alloy. The author reported a
localised attack (i.e. crevice corrosion) after microstruc-
tural investigations of the corroded samples in spite of little
or no hysteresis loop observed in the polarisation curves.
The author stated that the absence of a hysteresis loop is
not always a confirmation that localised corrosion did not
occur on a specimen. Moreover, the author explained this
discrepancy on the microstructures and the curves by the
fact that the localised damage was small and not very
significant, especially at high potentials where transpassive
dissolution of the boldly exposed surface and oxygen
evolution started to dominate the contribution to the total
current from the specimen. The author also stated that the
hysteresis loops got more prominent as the aggressiveness
of the environment increases.

Figure 4 represents the corroded surfaces of each
sample after cyclic polarisation tests. It can be seen from
the microstructures that the c matrix corroded homo-
geneously and the s phase appears not to be signifi-
cantly affected by corrosion. On the other hand,
localised corrosion becomes visible on the composite
samples essentially located at pore and discontinuity
sites. Moreover, it can be seen that the effect of the
localised damage was more severe on the CoCrMo–
10Al2O3 sample (Fig. 4c), as compared to the CoCrMo–
5Al2O3 sample (Fig. 4b), which may be related to the
different porosity amounts of the composites (Table 3).

Tribocorrosion behaviour
The evolution of the OCP with time before, during and
after the sliding is given in Fig. 5 for the unreinforced
alloy and the composites, together with the coefficient of
friction (COF) values obtained during the sliding. Before
sliding, the OCP values were stable in all samples due to
the presence of a passive film on the sample surfaces in
contact with the electrolyte.62 When the sliding started, a
sudden drop on OCP values were observed for all
samples due to the damaging of the passive film by the
counter material.63 During the sliding, all samples
presented relatively smooth OCP evolution with a slight
decrement. As general, the highest OCP values were
presented by CoCrMo–10Al2O3 composites, followed by
CoCrMo–5Al2O3 composites and the unreinforced
alloy. These results suggest that Al2O3 particle addition
decreased the tendency to corrosion for the HP
CoCrMo alloy under the tested tribocorrosion condi-
tions. After sliding, OCP values increased up to near the

Table 3 Porosity and hardness values

Sample % Porosity Hardness/HV30

CoCrMo 0.29¡0.16 427¡3
CoCrMo–5Al2O3 1.22¡0.37 315¡25
CoCrMo–10Al2O3 2.44¡0.75 252¡5

3 Polarisation curves of base CoCrMo alloy and its com-

posites in 8 g L21 NaCl solution at 37uC

Table 4 Corrosion potential E(i50) and corrosion current
density icorr values

Sample E(i50)/mV icorr/61028 A cm22

CoCrMo 2293¡66 9.17¡4.85
CoCrMo–5Al2O3 2156¡12 7.54¡5.55
CoCrMo–10Al2O3 2132¡87 13.07¡5.18
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initial values recorded before the sliding action due to
the recovering of the passive film.30

Figure 6 represents the low magnification SEM
images of the worn surfaces for each sample. As can
be seen on the images, as particle volume fraction
increased, wear tracks presented smoother surface due
to the load carrying effect of the ceramic particles.28 On
the other hand, particle addition resulted with relatively
lower COF values on the composites (Fig. 5), which
may be attributed to an increased ceramic–ceramic
contact and decreased adhesive and abrasive action
between the sliding surfaces. Thus, decreased tendency
to corrosion on the composite samples under sliding can
be explained by the decreased damage on the passive
film due to the load carrying effect of the reinforcing
particles, together with the effect of diminished surface
area as explained for the corrosion behaviour in static
conditions.

The wear behaviour of unreinforced HP CoCrMo
alloy has previously been reported by some of the
present authors both under dry sliding and tribocorro-
sion conditions with the identical tribological and
electrochemical parameters that are used in the present
study. After microstructural investigations and elemen-
tal analysis of the worn surfaces, the wear mechanism
has been suggested as a combination of abrasive and
adhesive wear for both dry sliding and tribocorrosion
conditions.27 Figure 7 represents the detailed view of the
wear tracks for both composite samples together with
the worn surface image and EDS analysis of the Al2O3

ball (counter material). Parallel sliding grooves were
observed in both composite samples, and Co, Cr and
Mo elements were detected by EDS analysis on both
counter surfaces (Fig. 7c; similar morphology and
analysis were obtained for both alumina ball worn
against both composites). Thus, similar to the unrein-
forced HP CoCrMo alloy, the wear mechanism after
tribocorrosion may also be suggested as mainly abrasive
and adhesive wear for the composite samples.

Figure 8 presents the wear rates for each sample after
the tribocorrosion tests. Although the composite sam-
ples presented lower COF values and smoother worn
surfaces, an improvement was not observed on the
composites in terms of wear rate. When the values are
considered together with the standard deviation values,
even though no significant difference was observed
between the samples, the composite samples presented
slightly higher mean values as compared to the
unreinforced alloy.

Matrix/reinforcement interfaces have a very strong
influence on the properties of the composites since there
is a discontinuity in chemical composition, elastic
modulus, coefficient of thermal expansion, thermody-
namic properties, etc.64 Interface characteristics and
interface bonding between ceramic reinforcement and
metallic matrix is also very important for the tribological
properties. Depending on the bonding, the ceramic
particles may protect the surface or may scoop off from
the wear surface during the sliding.28,29,65 The reason
behind the wear rate values for the composite samples
may be linked to the pulling out of some reinforcement
particles during the sliding probably due to the lack of
sufficient physical contact and eventually lack of
sufficient bonding on the matrix/reinforcement interface.
However, the worn surfaces of the composite samples
did not present severe abrasive wear features, suggesting
that pulled out particles did not create a significant third
body effect. This may be attributed to the shape of the
reinforcing particles that are not containing sharp edges
and the relatively bigger particle size.

The as received Al2O3 particles that are used in the
present study had a rough surface together with some
contaminations of the alumina, itself (Fig. 9a). In order
to improve the matrix/reinforcement contact, Al2O3

particles are cleaned to remove the contaminations
(Fig. 9b). However, interface voids were still observed
on the composite samples. Figure 9c represents an
Al2O3 particle in the cross-sectional matrix structure
schematically. During the cutting for sample prepara-
tion, Al2O3 particle can be cut from near the uppermost

4 Secondary electron images of corroded surfaces on a CoCrMo, b CoCrMo–5Al2O3 and c CoCrMo–10Al2O3 samples

5 Evolution of OCP together with COF values during sliding
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part of the particle (line 1 in Fig. 9c), between upper-
most and the middle part of the particle (line 2 in
Fig. 9c), from the middle part of the particle (line 3 in
Fig. 9c) or between middle and the bottom part of the

particle (represented at line 4 in Fig. 9c as a condition as
close to the bottom part of a particle). The line 3 in
Fig. 9c is the most suitable case to observe the interfacial
gaps clearly. If the cut is from line 1, the interface voids

6 Low magnification SEM images of worn surfaces for a CoCrMo, b CoCrMo–5Al2O3 and c CoCrMo–10Al2O3 samples

7 Detailed SEM images from wear tracks of a CoCrMo–5Al2O3 and b CoCrMo–10Al2O3 composites, c BSE SEM image of

Al2O3 ball worn against CoCrMo–5Al2O3 sample and d EDS analysis taken from wear scar
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will be just under the surface and, therefore, may be
suitable sites for localised corrosion, as well as
possibility of having lack of particle support during
sliding (an example can be seen on Fig. 7b). In case of
line 2, during cutting and polishing, metallic matrix can
be smeared over the ceramic particles, which may be
resulted from the closure of the interface gaps

(Fig. 5c).66,67 Finally, in case of line 4, after the removal
of the particle during cutting, the rough surface of the
particle and the interface gaps may be suitable sites on
the matrix for the localised corrosion (Fig. 4b).

Even though, it is possible to state from the
microstructural investigations and electrochemical mea-
surements that the particle pullout took place in a
limited extent, which prevented catastrophic wear, as
well as higher tendency to corrosion under sliding in
8 g L21 NaCl solution.

Conclusion
Within the framework of this study, the followings can
be concluded.

1. Microstructural investigations revealed interfacial
gaps between the matrix and the reinforcement, which
resulted in increased porosity on the composite samples.

2. Al2O3 particle addition decreased the tendency to
corrosion E(i5o) of CoCrMo alloy. However, no
significant influence was observed on the corrosion rate
icorr.

3. It is suggested from the microstructural investiga-
tions on the corroded surfaces and the polarisation
curves that porosity induced localised corrosion took

8 Wear rates after tribocorrosion tests

9 a as received, b as cleaned Al2O3 particles and c schematic draw of possible cutting lines for Al2O3 particle in cross-

sectional matrix structure during sample preparation, together with representative SE (1, 4) and BSE (2, 3) SEM images

from as polished (1, 3), worn (2) and corroded (4) samples
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place on the composite samples. However, the localised
corrosion happened in a limited extent that no hysteresis
loop was observed on the cyclic polarisation curves.

4. Composite samples presented lesser tendency to
corrosion under sliding in 8 g L21 NaCl solution.
Although composite samples presented smoother worn
surfaces after tribocorrosion, an improvement was not
obtained on the wear rates, which is probably related to
the insufficient interface bonding between the matrix
and the reinforcement.
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