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ABSTRACT. The present work focuses on the Tribological properties and
corrosion behavior evaluation of sintered CoCrMo alloy. The CoCrMo alloy
was elaborated by Powder metallurgy process at various sintering
temperatures (1200°C, 1250°C and 1300°C). The structural properties were
characterized by X-ray diffraction and scanning electron microscopy. The
tribological characteristics were measured using a dry disc-ball tribometer. The
corrosion behavior of the samples was studied using different electrochemical
tests in a simulated physiological environment (Hank’s solution). The
obtained results show that higher sintering temperatures have a positive
impact on the tribological behavior as well as the corrosion resistance of
CoCrMo alloys. The sintered samples at 1300°C showed a better resistance to
friction wear and a lower corrosion rate.
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INTRODUCTION

mainly used for orthopedic implants and dental devices [1]. They represent the preferred choice for artificial joints
and metal-to-metal contact [2] because of their excellent properties in terms of wear and corrosion resistance aligned
with a good biocompatibility with the human tissues [3]. The high biocompatibility of these alloys is related to the immediate
formation of a protective passive film on the surface. This film is mainly composed of chromium oxide CrO3[4], with a small
contribution of Co and Mo oxides [5].
Several techniques were used for the development of Co-based alloys such as casting and forging [6]. However, these
techniques present the disadvantages of solidification defects and precipitation [7] including a coarse microstructure, low
resistance and elongation. Hence, it was a great interest to improve the mechanical reliability of these CoCrMo alloys in order
to achieve high durability of medical implants.
Powder metallurgy (PM) methods have been commonly employed to produce high-purity alloys, with accurate chemical
composition, targeted structures and controlled porosity [8]. Indeed, several studies have emphasized the PM effect on the
tribological and electrochemical properties of CoCrMo alloys. Recently, there was a particular focus on improving the
tribological behavior of implant materials [9].
The electrochemical characterization and corrosion resistance of CoCrMo alloys were studied by Zuraidawani Che Daud et
al. They verified the electrochemical behavior of CoCrMo alloy in a 0.9% sodium chloride solution and found that the
sintering regime had a significant impact on the corrosion resistance [10].
In addition, a study was carried out on the electrochemical properties of the CoCrMo alloy elaborated by the powder
metallurgy process. The obtained results have shown that the main parameter to be monitored is the sintering temperature.
In fact, the sintering temperature significantly affects the mechanical strength and electrochemical behavior of these alloys in
the Ringet's solution [11].
The aim of this work is to study the structural and tribological properties as well as the electrochemical corrosion behavior of
the CoCrMo alloy elaborated by sintering.

C obalt-based alloys are widely used in the biomedical field. The cobalt-chromium- molybdenum alloy (CoCtMo) is

EXPERIMENTAL METHODS

Materials Preparation
T he CoCrMo alloy was synthesized by the powder metallurgy (PM) process. The initial powders are Cobalt, Chromium
and Molybdenum with a particle size: Co (99.5% purity, 45 m), Cr (99.9% purity, 32um) and Mo (99.9% purity, 2pum).
The chemical composition of this alloy is given in the Tab. 1. All the samples were prepared according to ASTM F75
[2]. The elementary powders mixture was first kneaded in a ball mill at room temperature. Next, they were dried in an oven
for 2 h at 80°C to eliminate all the moisture molecules adsorbed on the surface. After that, the mixture was uniaxial cold
compacted in a tungsten carbide matrix carbide die under a seven ton load to produce cylindrical specimens (13 mm in
diameter and 4 mm in height). To prevent samples contamination, the pellets were placed into ceramic crucibles, and sintered
at different temperatures of 1200°C, 1250°C and 1300°C for 2 h, with subsequent cooling in the oven at an average speed of
20 °C/min to avoid oxidation. The sintering was cartied out in an electric furnace under a hydrogen atmosphere. In order to
perform the analytical tests, all specimens were polished after sintering.

Element Co Cr Mo Impurities

Weight [%6] Bal. 28 6 Fe, Cu<1

Table 1: Chemical composition of the CoCtMo alloy powder (wt. %).

Characterizations: Microstructure, X-ray Diffraction (XRD) and Mechanical Properties

The microstructure of CoCrMo alloys were analyzed by JEOL JSM-6830 scanning electron microscope (SEM). The phase
identification was done by X-ray diffraction using a RigakuUltima IV type diffractometer with a conventional radiation source
Copper Cu Ka (\=1.5418 A) applying a voltage of 40 kV and a current of 40 mA. The X-ray diffraction patterns were

compared to the ICSD Database. For mechanical characterization, Vickers microhardness measurements were catried out
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under 100g load (HVo.1, dwell time 15 seconds) using a microdurometer tester (INNOVATEST). The porosity rate was
calculated using formula (1)[12]:

p(%)z[p(ﬁﬂ.mo ©

where: pu: theoretical density and p: experimental density.

Characterizations: Tribological Tests

In accordance with ASTM G 99-95a and DIN 50324 standards, the tribological characteristics were assessed using a CSM-
Instrument tribometer in the ball-disc configuration, and the tests were performed in dry conditions. The alumina ball (Al,O3)
was selected as an antagonist with a hardness of 16 GPa and 6mm in diameter. After each friction test, the surface condition
was analyzed by scanning electron microscope analysis. A profilometer 3D Cyber Technology CT100 model (laser soutce)
was employed to measure the depth and the width of the wear groove. Tab. 2 summarizes the tribological test parameters.
The wear rate was calculated using formula (2) proposed by Archard [13]. The ball-disc standard configuration is illustrated
in Fig. 1.

e @

where: w: wear rate (mm3/N.m); V: the wear volume (mm?); F: applied load (N); S: total rotation distance (m).

Applied load[N] 5
Linear speed [cm/s] 1.08
Stop conditions [m] 30
Radius [mm] 4.90
Atmosphere Air
Temperature [°C] 20.00
Humidity [%] 40.00

Table 2: Parameters of tribological tests.

- s

Figure 1: Standard configuration of the ball-disc.

Characterizations: Electrochemical Corrosion Tests

The electrochemical measurements were performed using a Biologic SP300 type Potentiostat/Galvanostat controlled by an
EC-Lab V10.40 analyzer to study the corrosion behavior of CoCtMo alloy in simulated body fluid. The experiments
were conducted using a conventional three-electrode cell with the saturated calomel electrode (SCE) as the reference
electrode, platinum wire (Pt) as the auxiliary electrode, and CoCrMo alloy as the working electrode. The electrochemical
experiments were performed in a physiological medium () [14]. The composition of the Hank’s solution is shown in Tab. 3.
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The potential monitoring was made in open circuit (OCP) for 60 min. The Potentiodynamic polarization tests were
petformed by scanning the applied potential from -1 to 1.2 V / SCE at a scan rate of ImV. s7%.

The corrosion potential Ecorr as well as the current density of corrosion Lo were extrapolated from the Tafel curves slope
using EC-1abV11.20 software. The electrochemical impedance spectroscopy (EIS) tests were carried out in the frequency
range of 100 kHz to 10 mHz with amplitude of 0 £ 10 mV.

Substance NaCl KClI NaHCOs; NaH;PO.. H O NapHPO4 2H,O  CaCL.2H,O MgCl, MgS4..7H>O  Glucose

Compositior

80 04 035 0.25 0.06 0.19 0.19 0.06 1
g/ 1]

Table 3: Composition of Hank’s solution.

RESULTS AND DISCUSSIONS

XRD Analysis and Microstructure
z z -ray patterns of CoCrMo samples (Fig. 2) show that the three samples (a, b, ¢) are mainly composed of two phases:
The y-Co phase with a cubic structure, fcc (JCPDS 00-001-1277) and the e-Co phase with a hexagonal structure, hcp
(JCPDS 00-015-0806). The results are in good agreement with existing phases in the Co-Cr binary equilibrium
diagram [1]. For all samples, the peak intensity of (111) fcc is higher than that of the (101) hcp. Moreover, the presence of
diffraction peak with low intensity corresponding to the e-Co phase (101) indicates that all the samples contain a small amount
of e-Co phase [15].
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Figure 2: X-Ray diffraction patterns of CoCrMo alloys sintered: (a) 1200°C, (b) 1250°C, (c) 1300°C.

Otherwise, no additional diffraction or offset peaks were observed for the studied CoCrMo samples sintered at different
temperatures. The microstructure of the sintered CoCrMo alloy at different temperatures is given in Fig. 3. These figures
show that depending on the contrast, there were three types of phases in the CoCrMo alloy, i.e. gray, dark and shiny phases.
Calculations of the volume proportions of each of the obtuse phases are done using the HighScore Plus software version
(3.0.4). The results of the phase volume fractions obtained show a variation in the volume proportion of the e-Co phase
ranging from 51.1%, 58.7% and 63.1% for the samples sintered at 1200 ° C, and 1250 ° C and 1300 ° C. respectively. We
note the presence of the majority Co phase which constitutes the matrix of gray color. In the matrix, we also notice regions
of dark lamellar morphology rich in chromium and light zones rich in molybdenum. No carbides are present in the
microstructure, which corresponds well to the DRX of the CoCrMo alloy identified in Fig. 2. The sintering temperature in
our sample does not affect the nature of the formed phases, but rather the volume fraction of the existing phases.
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Figure 3: SEM images of CoCrMo alloys sintered: (a) 1200°C, (b) 1250°C, (c) 1300°C.

Density Evolution and Microbardness

Tab. 4 summarizes the experimental values of density and micro-hardness of the sintered samples. One observes that these
two properties increase with the sintering temperature. The highest values of relative density 91% and hardness of
384HV,.1 were obtained for the sample sintered at 1300°C. This is mainly due to an increased formation of collars between
the particles (depends on the diffusion phenomena). As more necks were forming with increasing sintering temperature.
Diffusion mechanisms become active at higher temperatures during heating process. This fact leads to porosity reduction
and automatically affects hardness.

Sintering temperature [°C] 1200 1250 1300
Experimental density [g/cm?] 7. 520 7.710 8.020
Porosity [%] 15 13 9
Microhardness HVo1 219 334 384

Table 4: Experimental density, porosity and microhardness of the CoCtMo alloy

The hardness result from our samples is greater than that obtained from Zuraidawani Che Daud et al [16]. The highest rate
in terms of porosity is obtained from a sample sintered at 1200°C. In fact, mechanical and microstructural properties of
the sintered alloy CoCrMo are strongly dependent on the heat treatment parameters (sintering).

Generally biomedical materials require a certain degree of porosity, Pores are important for tissue formation, as they allow
cell migration and proliferation, as well as vascularization [17].

Tribological Bebhavior: Coefficient of Friction

The evolution of the coefficient of friction (COF) in the CoCrMo alloy as a function of the friction distance for various
temperatures is presented in Fig. 4(a). The analysis of these curves makes it possible to distinguish four successive periods
of friction. The first period (I) of friction corresponds to the running-in regime, because the surfaces adapt to each other
and the surface roughness is reduced by the plastic deformation. The second period (II) corresponds to a slight decrease in
the coefficient of friction, as the wear patticles cannot easily anchor a polished surface due to the decrease in roughness
deformation. The third period (III) is defined by a substantial rise in the coefficient of friction. The third body which
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fragments and oxidizes most possibly to serve an abrasive role and, finally the fourth period (IV) corresponds to the
stationary phase or the stabilized regime corresponding to the stabilization of the coefficient of friction where its value is
maintained constant during the test[18].
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Figure 4: (a) Evolution of Coefficient of friction and (b) Average friction coefficients of the CoCtMo alloy sintered at different
temperatures.

The average values of the friction coefficient of the samples CoCrMo sintered at different temperatures are shown in Fig.
4(b). A slight decrease in friction coefficient values, with the sintering temperature increasing from 1200°C to 1250°C. This
is mainly due to the increase in the sintering temperature which leads to the increase in hardness and density. So, for a
sample sintered at 1200°C, we go from a hardness of 219 HV to a hardness of 334 HV for a sample sintered at 1250 ° C.
On the other hand, for the sample sintered at 1300 ° C, it has a high coefficient of friction although it has a higher hardness.
This is probably due to the formation of solid wear debris (third-body particles) during the friction process and thus
contributes to the increase in the coefficient of friction. In addition, this fact is indicative of the beginning of the particle
detachment from the metallic material to the alumina ball’s outer surface (Fig. 5). In fact, the contact form changes every
time from two bodies (Alumina-Sample) to that of three bodies (Debris-Alumina-Sample) [19]

Wear Rate

Fig. 5 depicts the evolution of the specific wear rate of the CoCrMo samples elaborated by PM as a function of the different
sintering temperatures. It can be shown that the sintering temperature has a positive effect on the reduction in  the wear.
The wear phenomenon is a surface degradation by friction during operating cycle. When the system is subject to stresses,
various types of damage can take place according to the intensity of the stresses applied. Since these stresses locally exceed
the yield strength of one of the two materials in contact, the latter is deformed either plastically (ductile material) or going
to flake or crack (brittle material) after a few operating cycles.

On the other hand, the wear behavior can be explained by the effect of porosity, the presence of pores within sintered
materials decreases the actual contact area between the two materials in contact, thus increasing the contact pressure and
promote the detachment of particles during sliding. As a result, causing wear debris to form during sliding, cracks appear
next to the pores.

The wear resistance and the coefficient of friction are thus reduced, this is mainly due to an increased formation of collars
between the particles (depends on the diffusion phenomena). As more necks formed with increasing sintering temperature.
Diffusion mechanisms become active during the high temperature heating process, cause porosity reduction and
automatically affect hardness.

As can be seen in Fig. 5, the wear rate decreases from 2.394x104mm3/ (Nm) to 2.233x104mm3/ (Nm) when the sintering
temperature increases from 1200°C to 1250°C.

For samples sintered at 1300 °C, exhibits a porosity rate of around 9%, this sample exhibits a porosity that is mostly closed.
It therefore behaves like a dense matetial, which explains the low values obtained for the wear rate (0.987x10-4mm3 / Nm).
A good correlation between the wear rate values and the mechanical properties obtained for the sintered compacts at
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different temperatures in this analysis. The higher the sintering temperature, the more the porosity decreases, which provides
good wear resistance for the sample sintered at the highest temperature (1300 °C).

In fact, the structure and hardness have been reported to have a significant impact on the wear behavior of this alloy [20].
In Our work, we predict that a fraction of the wear debris can remain attached to against an alumina ball. Transfer of
material to the contact surface of the counterface (alumina ball) was cleatly visible in Fig. 6. The findings of the 3D surface
analysis of the worn surface's wear traces are shown in the Fig. 7. These findings support the presence of a contact trace on
the sample's surface. This illustration depicts numerous grooves of various widths and depths.
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Figure 5: Wear rate after dry friction test of CoCrMo alloy sintered at different temperatures.
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Figure 6: Optical micrographs of wear marks on the alumina ball: (a) 1200°C, (b) 1250°C and (c) 1300°C.
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TITTINNNNNY

FARNNNEENS

Figure 7: 3D images of the worn surface of the CoCrMo alloy samples sintered: (a) 1200°C, (b) 1250°C and (c) 1300° C.

Wear Surface and Wear Mechanisn

The SEM images (Fig. 8) shows the morphology of the worn surfaces of the samples allowing the identification of the wear
mechanisms that intervene during friction. All of the sintered samples studied show significant damage to their surfaces,
with a distorted appearance (Fig. 8a, 8b and 8c). Indeed, grooves parallel to the direction of sliding or imprints left by hard
particles on the surface of the samples are clearly visible, wear debris (third body) was also observed in the two samples
sintered at 1200 ° C and 1250 °C. Examination of these tracks reveals the presence of scratches and grooves parallel to the
sliding direction that are typical characteristics of abrasive wear [21]. We also note for the sample sintered at 1300 © C (fig.
8c), that the scratches parallel to the sliding direction are always present. A detachment of small chips was observed on the
surface, especially at the periphery of the trace of contact. This phenomenon indicates a degradation mechanism based on
plastic deformation and brittle fracture of the surface linked to the hardness of the alloy.

Figure 8: SEM micrographs of the wear tracks on the sutrface of the CoCtMo alloy sintered at different temperatutes: (a) 1200°C, (b)
1250°C and (c) 1300°C.
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In this work we introduce the plowing effect that occurs when one of the two materials in contact is much more difficult
to create furrows on the contact surface of the softer material. The hardness ratios (ball of alumina / CoCrMo) at different
temperatures are (2400/219 HV), (2400/334 HV) and (2400 / 384HV), respectively. In addition, tough roughness can sink
into the soft body, creating a groove through the plastic flow of the material. This phenomenon induces resistance to
movement [22].

Corrosion Bebavior: Electrochenzical Properties

In order to study the corrosive behavior of CoCrMo alloy samples sintered at different temperatures, we started by tracking
the abandonment potential (Eocp) using plotting potential-time curves (Fig. 9 a). These curves suggest that a stable value is
not immediately reached by the open circuit potential. Experiments show that it stabilizes after 15 minutes of
immersion. For the samples sintered at 1300°C, the equilibrium potential increases towards positive values, and then it
stabilizes at -497mV. However, the potential for samples sintered at 1200°C and 1250°C increases sharply and then
decreases to stabilize at -512mV and -499mV, respectively. Therefore, we can conclude that the increase in the potential at
the beginning of the experiments is related to the electrochemical reaction that occurs between the sample surface and the
solution.
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Figure 9: Electrochemical Curve of CoCrMo alloy in Hank’s solution: (a) Eocp curves,(b) Potentiodynamic Polarization curves.

Morteovet, obtaining the constant OCP value after immersion means that the formation of the protective layer of oxide
(Passive film formation of Cr203) has been completed [23]. The potentiodynamic curves provide useful information on the
kinetics of the multiple-composed corrosion mechanism (charge transfer, mass transfer, and species adsorption). Fig.
9.b. represents  the potentiodynamic curves of CoCrMo alloys sintered at different temperatures. Three typical
potential domains can be observed in the anodic region. A short passivation zone accompanied by an increase in current
density due to the passive film rupture corresponds to the first domain.

The cutrent density related to the reformation of passive film in the third region and its stability [24].

Tab. 5 lists the various electrochemical parameters obtained from these curves, such as the corrosion potential (Ecorr), the
corrosion curtent (Ieorr) and the corrosion rate (Veor). The highest cotrosion cutrent density (14.08 pA/cm?) was obtained
for CoCtMo sample sintered at 1200°C, while, the lowest value was obtained for the alloy sintered at 1300°C
(0.775 wA/cm?). This fact may be attributed to the influence of the potosity on the corrosion resistance.

Tem[;c)%riture Eeoe [MV]  Teome [uA/c?)] [mr;];o;e ar] R, [Ohm]
1200 -420 14.087 0.0850 2642
1250 -698 1.070 0.0064 31387
1300 -563 0.775 0.0047 34527

Table 5: Corrosion parameters of CoCrMo alloy after electrochemical tests.
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The higher the sintering temperature, the lower the porosity, which results higher corrosion resistance. Therefore, the
corrosion rate is proportional to the density of the corrosion current [25]. It should be noted that for a sample sintered at
1300°C, the shift of the corrosion potential towards more noble. Values can be due to two factors [26]. The first factor
refers to the higher surface energy of the alloy. The second factor is related to the surface layer oxidation. In this case, the
protection is provided by the thickening of the oxide film. In fact, the passivation of the CoCrMo alloy is linked to the
formation of a thin layer mainly formed of chromium oxide (Cr, O3) and certain hydroxides [27]. This layer prevents the
exchange of oxygen and metal ions.

Electrochemical Impedance Spectroscopy

The EIS measurements were carried out at the open circuit potential (OCP) after 360 minutes of immersion in Hank's
solution. Fig. 10 (a) illustrates the Nyquist diagram for the CoCrMo alloy sintered at different temperatures. It can be seen
that the impedance spectra exhibit an incomplete semi-circle at mid and high frequencies. The absolute impedance curve at
high frequencies (10,000 - 0.1 Hz) is almost independent of frequency with a phase angle of 0°, chowing electrolyte resistance
(Rs). This suggests a capacitive behavior of the CoCrMo electrode in the corrosion solution. It is well known that the radius
of the semicircular arc is linked to the polarization resistance of the passive film. This behavior indicates the formation of a
stable oxide film on the surface of the alloy. According to the impedance measurements, the best passive properties were
obtained from the alloy sintered at 1300°C compared to other samples sintered at 1250°C and 1200°C, respectively.

2.5k{ 1200°C

2.0k

1,5k 4

Zim (Q cm?

1,0k 4

500,04 R, CPE,
0.0 Ry CPE;
(a) 0 1k 2k 3k 4k Sk (])) 4
Z,e(2 cm?) ~

Figure 10: Nyquist diagram sintered alloy in the Hank’s solution and Equivalent electrical circuit used for the simulation of

the impedance data of the CoCtMo alloy.

The results thus obtained confirm the positive influence of the sintering temperature on the corrosion resistance. In a
previous study, the capacitive behavior at the metal/electrolyte interface was shown to be primatily due to the formation of
an oxide film on the surface of these alloys [28]. The closing appearance of the capacitive loop indicates that the surface is
covered with a two-layer oxide film, mainly a compact inner layer and a porous outer layer. Tab. 6 summarizes the analysis
of experimental impedance data using the EC-Lab software. The goodness-of-fit was evaluated by the values of (y 2) that
were in the range of 10-3. The data were adjusted with the equivalent electrical circuit (EEC) depicted in Fig. 10 (b). This
circuit has already been proposed by many authors [29].

Temperature R, CPE.103 Ry CPE,».103 R,
[°C] [Qcm?] [Fem2] ny [Qcm?] [Fem?] [Qcm?] ny
1200 26 0.573 0.9 445 0.230 1300 0.7
1250 23 0.721 0.9 1978 0.196 3309 0.8
1300 20 0.746 0.9 264 0.133 5823 0.8

Table 6: Electrical parameters of the equivalent circuit of the sintered CoCrMo alloy in Hank's solution.

The proposed model is composed of the solution resistance (Rs) arranged in series with two parallel combinations
Resistance/Capacity, each composed of a R; (the outer layer resistance)/CPE; (the elementary phase constant of the external
film) and Rz (the inner layer resistance)/CPE; (the elementary phase constant of the internal film). The resistance values
of the inner layer that acts as a compact barrier are much higher than those of the outer porous layer. This indicates that the
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protection offered by the passive layer is mainly due to that of the internal barrier layer [45]. The larger capacitive loop
usually leads to better corrosion resistance [30]. So, it should be noted that the sample sintered at 1300°C exhibited a higher
polarization resistance. In fact, this resistance is the sum of two resistances: namely the resistance of the porous layer and
the compact barrier resistance. The results thus obtained atre in a good agreement of those obtained from the polatization
curves.

CONCLUSION

electrochemical properties of the CoCrMo alloy. The main conclusions are listed below:
1. Higher densification (potosity of up to 9%) was obtained at high sintering temperature of 1300°C compared to
1200°C and 1250°C.
2. 'The samples sintered at 1300°C exhibited better wear resistance with a wear rate of 0.987x10-*mm3/Nm.
3. In terms of electrochemical behavior, the samples sintered at 1300°C displayed higher corrosion resistance with a
corrosion rate of 0.0047mm/year compared to samples sintered at 1200°C and 1250°C, respectively.
4. The results of the electrochemical impedance tests in the hank’s solution confirmed the capacitive behavior of the alloy
by the formation of a film composed of two layers, a compact inner layer and another porous outer one.
5. The CoCtMo alloy sintered at 1300°C yielded the best performance in terms of tribological and electrochemical.
0. The assessment of the effect of the sintering temperature is an important feature for alloy development.

T his paper investigates the influence of the sintering temperature on the microstructural, tribological and
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