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a b s t r a c t

The use of metal matrix composite structures in biomedical implants can be a solution for decreasing the
amount of degradation products. Thus, the present work aims to investigate the synergism between
corrosion and wear on CoCrMo matrix 10% (vol) Al2O3 particle reinforced composites in phosphate buffer
solution (PBS) at body temperature. Corrosion behavior was investigated by electrochemical impedance
spectroscopy and potentiodynamic polarization. Tribocorrosion tests were performed under open circuit
potential, as well as under cathodic and anodic potentiostatic conditions using a reciprocating ball-on-
plate tribometer. Results suggest that the addition of Al2O3 particles did not create a significant effect on
corrosion behavior of CoCrMo alloy, however, it increased the wear resistance and decreased the
corrosion kinetics when sliding in PBS solution.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

CoCrMo alloys are being widely used for load-bearing and articu-
lating orthopedic implants owing to their good balance in strength,
fatigue, wear, and corrosion resistance [1–5]. However, as articulating
implants are under tribological contact surrounded corrosive body
fluids, the material degradation can be enhanced by the simultaneous
action of wear and corrosion [6]. Moreover, wear and corrosion
products that are generated locally by the implant interfaces may
lead to periprosthetic inflammation and implant loosening [7,8].
Besides, released metallic ions from the implant material may cause
allergic reactions, osteolysis and implant failure [9].

Al2O3 coatings have been considered as a solution to minimize
the problems related to wear debris and metallic ion release. It has
been reported that Al2O3�Al2O3 bearing couples can lower the
wear rates more than 50 times when compared to the standard
CoCr�UHMWPE couples. However, 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 leading to
catastrophic bearing failure in implant materials [7].

It is well known that problems related to the low fracture
toughness of the monolithic ceramics can be overcome by using

composite structures [10]. During the last decades, metal matrix
composites (MMCs) reinforced with hard ceramic phases are being
used for various wear resistant applications [11]. Individual wear and
corrosion behavior of MMCs have extensively been studied and it is
known that improved wear resistance of MMCs is mainly linked to
the direct strengthening effect of the particles occurring with the
transferring of the load from matrix to the reinforcement, together
with indirect strengthening mechanisms that is related to dislocation
strengthening, Orowan strengthening and grain size refinement or
modification of the matrix alloy with the effect of the reinforcement
phase addition [11,12]. However, corrosion studies on MMCs showed
that addition of the reinforcement phase may deteriorate the
corrosion behavior through a galvanic coupling between the matrix
and the reinforcement, selective or localized corrosion at the matrix/
reinforcement interface, or chemical degradation of the interphases
and the reinforcement [13–22]. The literature on the tribocorrosion
behavior of MMCs, on the other hand, is very limited as compared to
the ones on the individual wear and corrosion studies. Studies
showed that reinforcing metallic materials by hard ceramic particles
can also improve the tribocorrosion behavior by the load carrying
role of the reinforcement particles resulting in less wear and
corrosion damage on the matrix metal [23–25]. 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
evenworse wear behavior as compared to the unreinforced alloy due
to the third body effect of the particles [26].
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Corrosion behavior of CoCrMo alloys have been extensively
studied, besides, several reports are available on the tribocorrosion
behavior of these alloys [27–33]. However, the literature on the
CoCrMo matrix composites for biomedical application is very limited.
Grądzka-Dahlke et al. [34] studied the effect of calcium pyropho-
sphate, boron carbide and silicon nitride additions on the mechanical
and tribological properties of CoCrMo and reported that calcium
pyrophosphate addition resulted in better properties since the other
particles lead to third body wear under sliding. Oksiuta et al. [35]
studied the corrosion behavior of bioactive glass reinforced CoCrMo
matrix composites and reported that composites exhibited better
corrosion properties as compared to the base alloy although ultimate
compressing strength and elastic properties of the composites were
compromised with increasing amount of the bioglass addition.

A recent study by some of the present authors [22] presented a
first insight on the tribocorrosion behavior of CoCrMo�Al2O3

composites in 8 g/l NaCl solution at body temperature and
reported lower tendency to corrosion under sliding as compared
to its base alloy. However, the composite materials did not exhibit
an improvement on the wear rate mainly due to the insufficient
bonding at the matrix/reinforcement interface. It has been repo-
rted that the rough surfaces of the spherical Al2O3 reinforcing
particles inhibited the efficient physical contact with the matrix
resulting on with voids at the interface. In the present work,
CoCrMo�Al2O3 composites were processed by using angular
Al2O3 particles having smooth surfaces in order to obtain a better
physical contact between the matrix and the reinforcement. By
performing the tribocorrosion tests under anodic or cathodic
potentiostatic polarization it is possible to evaluate the synergistic
effect between corrosion and wear [30]. Therefore, the present
study aimed at exploring the synergism between corrosion and
wear on CoCrMo�10Al2O3 biocomposite in a phosphate buffered
saline (PBS) physiological solution at body temperature.

2. Experimental procedure

2.1. Materials

CoCrMo and its composites reinforced by 10% (vol.) Al2O3 were
produced by using CoCrMo (Nobilmetal, Nobil 4000, Villafranca
d'Asti, Italy) and Al2O3 (Bego, Germany) particles in spherical and
angular shapes, respectively. The chemical composition of the
CoCrMo particles is given in Table 1 and the particle size distribu-
tions (obtained by a laser particle analyzer, Malvern Series 2600)
are given in Table 2.

2.2. Processing

Homogenous CoCrMo�Al2O3 powder mixtures were obtained
by using a ball mill rotating at 80 rpm for 3 h. Before processing,

the powder mixtures were dried in a muffle furnace at 105 1C for
1 h in order to remove the humidity. The samples were produced
by hot pressing at 1000 1C under 0.01 mbar of vacuum and a
constant pressure of 40 MPa with a sintering time of 30 min. The
details of the processing procedure is given elsewhere [33].

Prior to testing and characterization, the samples were ground
down to 4000 mesh size SiC paper followed by polishing with
diamond paste down to 1 mm. Finally, the samples were ultra-
sonically cleaned for 10 min in propanol followed by rinsing in
distilled water for 5 min. In order to obtain the similar surface
conditions, each sample was kept in a desiccator for 24 h before
starting the tests.

2.3. Corrosion tests

Corrosion tests consisting in electrochemical impedance spectro-
scopy (EIS) and potentiodynamic polarization (PD) were performed as
a sequence in phosphate buffer saline solution (PBS; 0.2 g/l KCl, 0.24 g/l
KH2PO4, 8 g/l NaCl, 1.44 g/l Na2HPO4) at body temperature (3772 1C)
using Gamry Potentiostat/Galvanostat (model Reference�600). Prior to
each test, the pH of the PBS solution was measured using a pH-meter
(EUTECH Instruments pH 510) and adjusted to 7.470.02 by HCl
addition. A conventional three-electrode electrochemical cell (adapted
from ASTM: G3-89) with an electrolyte volume of 180ml was used
where a saturated calomel electrode (SCE) was used as the reference
electrode, a 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.

EIS measurements were performed after 120 min of stabilization
time at open circuit potential (OCP). EIS data acquisition was
performed by scanning a range of frequencies from 63 kHz till
10 mHz with 10 points per frequency decade and the amplitude of
the sinusoidal signal was chosen as 10 mV in order to guarantee
linearity of the electrode response. Following EIS, PD measurements
were performed after a delay time of 10 min at OCP. The polarization
scan was performed in anodic direction starting at 0.25 V below the
corrosion potential (EOCP) to 1 V with a scanning rate of 0.5 mV/s.

2.4. Tribocorrosion tests

Tribocorrosion tests were performed in an electrochemical cell
installed on a ball-on-plate tribometer (CETR-UMT-2) with the work-
ing surface of the samples having 0.79 cm2 exposed area facing
upwards, against the counter-material (10 mm of diameter alumina
ball, Ceratec). The tests were carried out at body temperature using the
same three-electrode set-up, together with the same potentiostat and
30ml of the same electrolyte (PBS) that used in corrosion tests. The
tests were performed under OCP, as well as under cathodic (�0.9 V vs.
SCE) and anodic (þ0.25 V vs. SCE) potentiostatic conditions in order to
investigate the synergism between corrosion and wear. After stabiliza-
tion, sliding was started in a reciprocating movement with a total
stroke length of 3 mm, frequency of 1 Hz, normal load of 15 N
(corresponds to 1.47 GPa maximum Hertzian contact pressure for
the unreinforced alloy) and total sliding time of 3 h.

2.5. Characterization

As-processed microstructures were examined by using Leica
DM2500 optical microscope (OM) and FEI Nova 200 field emission
gun scanning electron microscope (FEG-SEM), equipped with
EDAX energy dispersive X-ray spectroscopy (EDS). Porosity values
were determined by image analysis technique using Leica DM2500
OM and Image J 1.37v image analysis software. Vickers macro-
hardness values were determined by using Officine Galileo Mod. D
200 tester by a mean of 5 indentations per sample with 30 kg load
and 20 s dwelling time.

Table 1
Chemical composition of the CoCrMo alloy (wt%).

Co Cr Mo Si Mn Fe W

62.0 31.0 4.0 2.2 o1.0 o1.0 o1.0

Table 2
Particle size distribution.

Particle size distribution (μm) D [v, 0.1] D [v, 0.5] D [v, 0.9]

CoCrMo 5.38 9.61 17.16
Al2O3 50.87 77.91 120.69
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After corrosion and tribocorrosion tests, the samples were
cleaned with the same procedure applied after metallographic
sample preparation and the surfaces were characterized by using
FEG-SEM/EDS. Besides, the width and the deepness of the wear
tracks were measured by a contact profilometer (Mitutoyo Surtest
SJ-500) and the wear volumes were calculated following the
procedure given elsewhere [33].

3. Results and discussion

3.1. Microstructure and physical properties

Microstructural and structural analysis of the hot pressed
CoCrMo alloy was presented elsewhere indicating γ (fcc) phase
as the matrix phase of the alloy and CrCo-σ phase as the secondary
phase [22]. Fig. 1 presents the OM images taken from the
composite exhibiting a relatively homogenous particle distribution
that is essential to achieve the desired properties on MMCs
[36,37]. Higher magnification OM image is also presented in
Fig. 1 showing good physical contact between the matrix and the
reinforcement that contributed in obtaining very similar porosity
values on the unreinforced alloy (0.0970.06%) and the composite
(0.1070.01%). On the other hand, introduction of alumina parti-
cles resulted with an increase on the hardness (42074 HV30) as
compared to the unreinforced alloy (394712 HV30).

3.2. Corrosion behavior

Experimental and fitted EIS results from CoCrMo and CoCr-
Mo�10Al2O3 samples are presented in Fig. 2 in the form of Nyquist
and Bode diagrams. The Nyquist diagram represents the real and
imaginary part of the impedance as a function of the applied
frequency perturbation. By comparing the diameters of semi-circles
in the Nyquist diagram it is possible to evaluate the corrosion
properties of the samples [38]. As general, both materials presented
similar behavior, however, slightly higher capacitive behavior of a
compact oxide film was observed on the unreinforced alloy since the
phase angle was closer to 901 at low and middle frequency range that
may be explained by the larger metallic area on the surface.

Fig. 3 presents the equivalent circuit that used on Gamry Echem
Analyst software, version 5.61, to fit the experimental data. The
quality of fitting was evaluated through their goodness of fitting
values and the proposed model describe an adequate behavior of
both groups in contact with PBS presenting a goodness of fitting
bellow 10–3. The equivalent circuit contains electrolyte resistance
(Re), native oxide film resistance (Rox), and constant phase element
(CPE, Qox), accounting for the non-ideal capacitance of the native
oxide film (Fig. 3). This equivalent circuit was also used for
CoCrMo�10Al2O3 that considers a native oxide film formed on
the metallic surface of the samples exposed to PBS solution without
any discontinuity on matrix/reinforcement interface. Table 3 pre-
sents the parameters of fitting results. No significant differences
were observed on Qox and Rox values suggesting similar corrosion
resistance on the unreinforced alloy and the composite samples.

Fig. 4 presents representative potentiodynamic polarization
curves and Table 4 presents the values of corrosion potential
(E(i¼0)), corrosion current density (icorr) obtained by Tafel extra-
polation method, together with passivation current density (ipass).
Through the polarization curves it can be seen that the alloy and
the composite exhibited similar polarization behavior. In the
anodic domain, both materials presented a passivation plateau
due to the formation of the passive oxide film as it has already
been reported for hot pressed CoCrMo alloy [22,33,39].

Fig. 5 presents backscattered electron (BSE) images of the hot
pressed alloy and the composite after the corrosion tests. Homo-
genous dissolution of γ matrix phase was observed on all samples
whereas σ phase appears not to be significantly affected by
corrosion. Besides, good physical contact between matrix and
the reinforcement was not affected by the corrosion tests on the
composite samples.Fig. 1. OM images of CoCrMo�10Al2O3 composite.

Fig. 2. a) Nyquist and b) Bode diagrams of experimental data and fitted curves.
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3.3. Tribocorrosion behavior

3.3.1. Triboelectrochemical analysis
The evolution of OCP and current density under anodic potentio-

static conditions for CoCrMo and CoCrMo�10Al2O3 samples recorded
before, during and after sliding in PBS solution presented in Fig. 6,
together with COF values are recorded during sliding. Before sliding,
both OCP and current density values were stable for both materials
due to the presence of a passive oxide film on the surface in contact
with the electrolyte. When sliding started, a sudden decrease on the
OCP (Fig. 6a) and a sudden increase on the current density (Fig. 6b)
were recorded for both materials due to the mechanical damage of the
passive film, leading to the formation of active sites on the worn area.
Thus, under sliding, thermodynamic tendency for corrosion and
corrosion kinetics were increased on both samples [22,30,31,33].

When the evolution of OCP is considered (Fig. 6a), it can be seen
that the unreinforced alloy presented a smaller drop on the
potential on the onset of the sliding as compared to the composite.
During the sliding, the unreinforced alloy presented relatively stable
average OCP values but larger oscillations. The composite presented
smoother evolution but gradually increased values that reached
near the ones of the unreinforced alloy at the end of the sliding. On
the other hand, both group of samples presented similar average
COF values during the sliding, however the evolution was smoother
on the composite.

The evolution of current density under sliding (Fig. 6b) presented
different trends that were observed on the evolution of OCP. Under
sliding, the unreinforced alloy presented higher current densities
indicating elevated corrosion kinetics. Besides, waves were observed
on the current density evolution for both groups of samples during
the sliding. COF values of the composite under anodic potentiostatic
conditions presented very similar behavior compared to the ones
obtained under OCP, however, the values obtained on the unrein-
forced alloy presented smoother, but gradually increased values as
compared to the OCP conditions and the values were always higher
than the ones obtained from the composite.

When sliding stopped, the OCP values increased and the
current density values decreased near to the initial values
recorded before sliding due to the recovery of the passive oxide
film [22,30,31,33].

3.3.2. Total material loss
Fig. 7a presents the wear track profiles for CoCrMo and CoCr-

Mo�10Al2O3 samples, under cathodic potentiostatic conditions (CP),
OCP and anodic potentiostatic conditions (AP), taken from the centre
of the wear tracks. It can be seen on the wear profiles that in all
conditions, CoCrMo samples presented smoother but deeper wear
tracks while composites presented relatively rougher tracks attrib-
uted to the protruded Al2O3 reinforcing particles. Total wear volume
loss values for both materials in all conditions are given in Fig. 7b. As
a result of the load carrying effect of the reinforcing particles,
composite samples presented lower wear loss values in all condi-
tions. Even so, relatively larger standard deviation values were
obtained for all conditions.

If a cathodic potential is applied during sliding, the wear volume
represents the material loss due to the mechanical action since the
oxidation reaction is not significant [30]. In this condition, a
significant decrease in wear volume loss was observed as compared
to the other conditions. On the other hand, under anodic polarization
where corrosion and wear effects was combined, the wear volume
loss presented more than double values as compared to that of the
OCP conditions.

3.3.3. Tribocorrosion mechanism
Fig. 8a� f presents representative SEM images of the worn

surfaces taken as parallel to the sliding direction for both materials
under CP, OCP and AP conditions. Sliding grooves were observed on
all samples after all testing conditions (though the surfaces were
smoother on the unreinforced samples) indicating abrasive wear
that can be occurred due to the penetration of the asperities on the
counter material or due to the third body abrasive wear effect given
by the loose wear products. Besides, considerable amount of
compacted wear debris were observed on the edges of the wear
tracks on the unreinforced alloy tested under OCP and AP condi-
tions (Fig. 8b and c). Higher magnification SEM images (Fig. 8g and
h) taken from these compacted oxidized debris revealed different
morphology but similar chemical composition (Fig. 8i). The debris
after OCP conditions presented finer structure whereas debris
formed on AP conditions presented flake-like morphology. The
flake-like debris formation can be explained by the repeated action

Fig. 3. Equivalent circuit used for CoCrMo and CoCrMo�10Al2O3 samples.

Table 3
Equivalent circuit parameters obtained from EIS data.

Samples Qox (�10�5 sn Ω�1 cm�2) Rox (�106 Ω cm2)

CoCrMo 3.0870.60 0.6670.20
CoCrMo�10Al2O3 2.8970.16 0.6870.26

Fig. 4. Representative potentiodynamic polarization curves for CoCrMo and CoCr-
Mo�10Al2O3 samples in PBS.

Table 4
Corrosion potential (E(i¼0)), corrosion current density (icorr) and passivation current
density (ipass)values.

Samples E(i¼0)

(V)
icorr
(�10�6 A cm�2)

ipass
(� 10�6 A cm�2)

CoCrMo �0.2970.04 3367175 4.3470.25
CoCrMo�10Al2O3 �0.2270.03 5467141 3.8270.13
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of thickening and breaking of the oxide layer under the influence of
the applied anodic potential. This repeated action may also explain
the waves observed on the evolution of the current density under
sliding (Fig. 6b). Since the corresponding composite sample pre-
sented less wear loss due to the load-carrying effect of the
reinforcing particles, and also having less metallic area due to the
incorporation of reinforcing particles, that repeated action took
place in a limited extend thus the waves on the current density
evolution recorded were smoother.

Microstructural and profilometric analyses of the worn surfaces
revealed that oxidizing conditions during sliding significantly accel-
erated the tribocorrosion process, and therefore, increased the
material loss by the accelerated oxidation of the alloy and repeat-
edly breaking of the oxide layer by the mechanical action. Besides,
relatively thick flake-like oxidized wear debris can also create a
third body effect, or in other words, can act as an extra abrasive that
can also contribute to the elevated material loss. These results are
also in agreement with the study Arenas et al. [30] where the

Fig. 5. SEM images of a) CoCrMo and b) CoCrMo�10Al2O3 samples after the corrosion tests.

Fig. 6. Evolution of a) OCP and b) current density before, during and after sliding, together with evolution of COF during sliding.

Fig. 7. a) Representative wear track profiles and b) total wear volume loss for each sample and testing condition.
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synergistic effect of corrosion and wear for a CoCrMo alloy was
investigated.

The previous work of some of the present authors [33] reported
the wear mechanism of the hot pressed CoCrMo alloy mainly as a
combination of abrasive and adhesive wear after dry sliding wear
and tribocorrosion in 8 g/l NaCl solution. Similar wear mechanism
was also observed in the present work for the unreinforced alloy
after all testing conditions where abrasive wear that can be
characterized by the sliding grooves on the wear track
(Fig. 8a�c) and adhesive wear that can be characterized by the
material transfer from the samples to the counter material, as can
be seen on the SEM images and EDS spectra taken from the worn
counter material (alumina ball) surface (Fig. 9. a�c). Sliding
grooves were also observed for the composites after all testing
conditions (Fig. 8d� f). Additionally, pulling-out of some loosely
attached reinforcing particles (Fig. 8e) in the early sliding stage can
also cause grooves on the composite samples due to the additional
abrasive action. This additional abrasive action given by the
pulled-out particles can result in additional damage on the passive
film, thus resulting in lower OCP values. However, as sliding
proceeded, these entrapped particles may gradually be rejected

from the sliding surface resulting in the gradual increase on the
potential values for the composites (Fig. 6a). On the other hand,
with the absence of the load carrying reinforcing particles, the
whole surface of the unreinforced alloy was in contact with the
counter material that may create more oxidized wear debris
(Fig. 8b and c). If the oxidized wear debris are compacted on the
surface, they may act as a protective layer. As contrary, if they are
not compacted, they may act as third body particles that can lead
to more damage on the surface [24,33,40]. Thus, the larger
oscillations on the evolution of OCP for the unreinforced alloy
may be attributed to the repeated compaction removing of the
wear debris during sliding (Fig. 6a).

On the other hand, wear damage and material transfer from
samples to the ball under CP and OCP conditions were consider-
ably less on the composites samples as compared to the unrein-
forced alloy (Fig. 9. d� f) that may be considered as another
consequence of the load carrying effect of the reinforcing particles.
Nevertheless, under AP conditions, both counter surfaces exhib-
ited similar EDS spectra that may be explained by the thickened
oxide layer by the applied potential that got in contact and broken
by the counter material, repeatedly.

Fig. 8. SEM images of worn a, b, c) CoCrMo and d, e, f) CoCrMo�10Al2O3 tested under CP, OCP, and AP conditions, respectively; secondary electron (SE) images of wear debris
taken from CoCrMo tested under g) OCP and h) AP conditions, and i) the EDS analysis taken from the compacted wear debris.
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4. Conclusions

Within the framework of this study, the followings can be
concluded:

1) The addition of Al2O3 particle did not create a significant effect
on corrosion behavior of CoCrMo alloy.

2) CoCrMo�10Al2O3 composites presented lower wear volume
loss due to the increased wear resistance providing by ceramic
particles.

3) The wear volume loss under AP was more than double as
compared to OCP condition indicating that the oxidizing con-
ditions greatly accelerated the tribocorrosion process.
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