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Corrosion testing of sintered samples made
of the Co-Cr-Mo alloy for surgical applications
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Corrosion resistance of high quality sintered compacts made of the Co-Cr-Mo alloy powder
in manufacturing bone implants has been investigated. The samples met the characteristic
mechanical requirements for this kind of implants, but the increased density of the porous
material turned out to be crucial in the improvement of their corrosion resistance. It seems
that the rotary cold repressing (RCR) of sintered compacts could be a very advantageous
alternative to the single or multiple matrix pressing. The influence of cold repressing and
the subsequent heat treatment of sintered compacts made of the Co-Cr-Mo powder on the
changes of their density, microstructure, and corrosion resistance was investigated in this

work.
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1. Introduction

The behavior of implant materials in the tissue environ-
ment is a key factor in their application in surgery. Cor-
rosion of metals and their alloys can significantly influ-
ence the meta-stable equilibrium of the tissue/implant
interface. It finally leads to negative toxic reactions such
as: osteolysis, infections, or metabolic changes [1, 2].
Both the type and the intensity of corrosion depend
on the chemical composition of the material, structure
homogeneities, the features of the geometrical implant
as well as different connected factors, e.g., production
technology.

Due to the proper corrosion resistance and mechani-
cal properties, the Co-Cr-Mo alloy, also known as Vital-
ium, is one of the most popular metallic materials used
in implantology practice. Its corrosion resistance in hu-
man body is better than the one for stainless steel (AISI
316L) but worse than the values for titanium alloys.

Many works [3-5] have reported that porous metal-
lic materials are characterized by worse corrosion re-
sistance in comparison with their fully dense cast or
wrought equivalents. It is due to their lower densities
and the increased real surface area. Studies [4, 5] have
showed that the corrosion behaviour of porous metallic
materials, particularly in case of the crevice corrosion,
are also influenced by the pores morphology and the
internal surface area.

It is well known [3-6] that, beside the temperatures
and time of sintering, the kind of sintering atmosphere
apparently influences the corrosion resistance of porous
sintered samples. Various sintering atmospheres have
different influence on the structure of porous materials.
The best corrosion properties characterize the Co-Cr-
Mo samples sintered in the argon atmosphere [3, 4]. The
flowing molecular atmosphere 75H,;-25N, (75 wt%
H,-25 wt% N,) appears to precipitate Cr,N, which re-
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duces the corrosion resistance (break down of the pas-
sive oxide film) of the sintered Co-Cr-Mo specimens.
The vacuum sintering induces, especially in the surface
layers of the specimens, chromium loss by volatiliza-
tion and also carbon loss owing to the decarburisation.
Also the atomic absorption analysis of the amount of
ions dissolved in the corrosion test solutions showed
[3] that the largest concentration of toxic elements was
observed in the case of the vacuum sintered specimens.
It was found [4] that severe crevice corrosion in the
case of the sintered Co-Cr-Mo samples corresponds to
the total pore volume fraction ranging from 17 to 20%.
It should be emphasized that, with regard to the corro-
sion resistance of the sintered materials, not only poros-
ity, but also the size and shape of the pores are important
factors. It has been suggested [3, 5] that small pores of
a globular shape are better than narrow, elongated ones.
This work aims at determining the influence of the
stages of the technological process (sintering, rotary
cold repressing, and heat treatment) on the corrosion
resistance of the porous Co-Cr-Mo alloy samples.

2. Materials and methods

The powder alloy was produced by applying the wa-
ter atomisation method to the cast Co-Cr-Mo alloy
(ISO 5832-4) with the particle size distribution of
20-+200 pm. The sintering powder was annealed in
dry hydrogen at 1000 °C for 2 h before the process.
The chemical analysis of the Co-Cr-Mo alloy powder
after annealing in the hydrogen atmosphere is given in
Table I. After compaction at the pressure of 600 MPa,
the samples were sintered under the argon atmosphere
at the temperature of 1250 °C for 1 h. The specimens
were cooled down naturally to the ambient tempera-
ture inside the furnace. The rotary cold repressing was
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TABLE I Chemical composition of Co-Cr-Mo alloy (wt%)

TABLE II Samples for corrosion tests

C (6] Mo Si P Ni Fe S Cr W  Co

Sample Sample preparation

0.31 0.57 540 050 001 0.02 137 001 2929 0.01 Bal

performed with a PXW 100A press at 600 MPa, us-
ing i = 12 rotations. After repressing, the samples were
heat treated at the temperature of 1250 °C for 1 hin dry
argon and then cooled down at the average speed of
45° C/min. The samples structure was examined with
an optical microscope (Neophot 21) and a scanning
electron microscope (Hitachi 3000N) with an X-ray
microanalyser. The cast Co-Cr-Mo and classical dou-
ble sintered as well as cold compacted specimens were
used for comparison. The samples prepared for the cor-
rosion investigations are described in Table II.

Before the corrosion tests were carried out, cylindri-
cal samples of 8 mm in diameter and 8 mm in length
were ground, mechanically polished and ultrasonically
washed in a double-distillated water. The lateral sur-
faces of the specimens were covered by insulating lac-
quer in order to expose only 0.505 + 0.525 cm? of cross
section area of the samples to the testing solution. The
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KO Cast Co-Cr-Mo alloy

K1 Sintered Co-Cr-Mo alloy at 1250 °C, in argon, for 1 h

K2 K1 + Rotary cold repressed sample (t = 5's, p = 600 MPa)

K3 K2 + Heat treated (saturated) sample at 1250 °C, in argon,
for 1 h

K4 Classical double sintered and repressed sample

electrochemical behaviour of the samples was evalu-
ated on the basis of the potentiodynamic polarization
curves, according to the ISO specification [7-9]. The
experiments with ATLAS 9833 Electrochemical Inter-
face (Poland) were performed in a 1000 cm? glass cell
using the Ringer/s solution at 37 +0.5 °C as the elec-
trolyte, the platinum foil (10 cm?) as the counter and
the saturated calomel electrode (SCE) as the reference.

3. Results and discussion

The specimens sintered in the argon atmosphere of the
relative density 68 < 70% show the structure presented
in Fig. 1 [6, 10], which consists of a fine grained solid
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Figure 1 The analysis of the sintered samples: (a) SEM microstructure and (b) X-ray microanalysis of the precipitations.
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Figure 2 The samples microstructure: (a) after repressing p = 600 MPa,
i =12 rotations and (b) after heat treatment at 1250 °C for 1 h in argon.

solution of chromium, molybdenum and carbon in «-
Co with some precipitations of the second phase as
well as carbides and oxides particles, located mainly
along the grain boundaries. The results of a chemical
microanalysis show a homogeneous arrangement of the
basic alloying elements (chromium and molybdenum)
in the solid solution [6].

The rotary cold repressing increased the relative den-
sity of the samples to 86 + 88%. Fig. 2(a) displays the
structure of the samples after repressing. As a result
of the plastic deformation, the fcc — hep e-martensitic
phase change was observed (Fig. 3).

The subsequent heat treatment carried out after the
repressing did not change significantly the samples den-
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Figure 3 Diffraction patterns of the sintered samples: (a) repressed and
(b) heat treated.

sity, the grain sizes (Fig. 2(b)), or the distribution of the
main alloying elements within the metallic matrix. The
cobalt a-phase appeared only to be present in the heat-
treated specimens (Fig. 3(b)) analysed by the X-ray
diffraction.

The structure and porosity of the materials obtained
during the subsequent stages of the PM process [11]
showed to have a significant influence on the corrosion
resistance of the investigated samples. The examples
of polarization curves, within the potential range from
E o to 1.5 V vs. the saturated calomel electrode (SCE)
are shown in Figs. 4 and 5. In Table III, the values of
the electrochemical parameters are listed.

The values of the corrosion potential E¢, and the
repassivation potentials E'e, determined by the balance
between the anodic and cathodic reactions of any inves-
tigated material in the Ringer’s solution depend on the
surface energy of the specimens after the mechanical
shaping and surface treatment processes [12].

Table III and Fig. 4(a) show the lowest value of
the corrosion potential E.,; and a typical anodic

TABLE III Corrosion Eco and repassivation Erep potentials and passive current densities ipass for sintered Co-Cr-Mo samples in Ringer’s solution

(SCE)

Sample Porosity (%) Ecor (mV) Eyep (mV) ipass (nAlem?) log ipass (nA/cm?)
KO - —185+-175 +5+28 1.9+438 0.30+-0.68

K1 32.0 —54+ =30 +120+176 354 +371 243 +2.48

K2 13.5 —30+-25 4248 -298 269 301 2.55+2.57

K3 12.2 +20++23 +105+132 51+154 1.71+2.19

K4 19.0 +21++74 +338 -394 89+ 115 1.95+2.06
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Figure 4 Examples of polarization curves of potential versus current

for specimens: (a) Cast Vitalium, KO, (b) sintered cobalt alloy samples

K1, (c) re-pressed specimens, K2 and (d) re-pressed specimens with the
additional heat treatment, K3.
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Figure 5 The comparison of the polarization curves for Vitalium and
the sintered Co-Cr-Mo alloy specimens, K1—sintered sample, K2—
rotary cold repressed sample, K3—repressed specimens additionally
heat-treated, K4—classical sintered and repressed sample.

polarization curve with a low passive current density
(3.5 x 1072 Am~?) for the Vitalium samples. At the
potential higher than +0.8 V (SCE), the potentiody-
namic curve shows a peak which, basing on [13], can
be attributed to the transpassive oxidation of Cr** to
Cr®* according to the following reaction:

3CrT 4+ 4H,0 — CrO5 + 6HT + 66~ (1)

The described peak precedes the large current rise
due to the onset of H,O oxidation. In the potential
range to 1.5 V (SCE), neither a rapid increase in the
current density during the forward scan (except that
caused by the oxygen evolution) nor a hysteresis loop
were observed. A small peak on the reverse scan of the
voltammogram is thought to appear due to the reduc-
tion of oxide, formed previously on the Vitalium dur-
ing the forward scan. However upon reversing the scan,
the reduction wave show reduced intensity, but the cur-
rent density in the passive region is higher. Thus, the
Vitalium seems to undergo apparent oxidation in the
Ringer’s solution.

As opposed to the Vitalium (Fig. 4(a)), the sintered
specimens of the Co-Cr-Mo alloy do not show ideal
passive behaviour and a current plateau in the passive
region in the anodic polarisation curves (Fig. 4(b)—(d)).
Moreover, the data in Table III indicate that the sintered
specimens of the Co-Cr-Mo alloy have higher passive
current densities in the passive range and higher val-
ues of the corrosion potential E¢, than for the cast
Vitalium in the passive region. The shift of the corro-
sion potential E., towards the anodic direction can be
caused by two factors: the higher surface energy of the
material compacted under the high pressure, which is
a characteristic feature of such specimens [2, 14], and
the evidence of the surface layer oxidation independent
of the time of exposure to the electrolyte and hence
of the increased protectiveness of the oxide film due
to its thickening. It is interesting that to note that the
current densities for the sintered samples during the
reverse scan are lower, which once again supports fur-
ther growth of oxide layer on their surface. In a normal
passive condition, the more noble corrosion potentials
E . of the materials and the lower current densities, the
better their corrosion resistance. The surface finishing



processes, i.e., re-pressing and heat treatment in case
of each additional treatment, increased the corrosion
potential values E, of the sintered specimens by fur-
ther about 20 mV. One of the factors responsible for
the changes observed on the polarization curves may
be the lack of the oxidation peak at 0.8 V (SCE) on ev-
ery polarization curve for the sintered samples, which
confirm the presence of a stable protective oxide film
on the surfaces of the sintered porous samples.

The increase of the passive current densities for the
sintered samples corresponds to their expected bigger
surface areas in comparison to the cast Vitalium sam-
ple. However, further analysis of the data in Table III
and Fig. 4(d) reveals that both additional treatments,
i.e., the re-pressing and the subsequent heat treatment,
apparently decrease the passive currents to the values
of 2.69 = 3.01 Am~2 (K2)and 0.51 = 1.54 Am~2 (K3),
respectively.

Moreover, the values of the repassivation potentials
Ep, obtained on the reversed scan, are more positive
than their respective forward scan values, and the
bigger difference enlarges the protection potential
region (Epror= Erep — Ecor). The latter reflects the
formation of a stable passive layer and indicates the
increase in the oxide layer thickness during the anodic
polarization of the samples. The data in Table III shows
that the lower value of the repassivation potential,
Eep =120 = 176 mV (SCE) was observed in the case
of the sintered samples (K1) in comparison to the
sintered and re-pressed specimens Ep, 248 -+ 298 mV
(SCE) (K2). A possible explanation, deduced from a
porous electrode model [15], suggests that the increase
of E, may be a consequence of a beneficial change
of the pores number and shape, as it was previously
determined in the porosity measurements (Table III).
The other reason of the increase of E, after the
re-pressing process is that some pores might have been
blocked during the compaction, and the Ey., value
became only dependent on the thick oxide layer
outside the pores and should thus be more positive
[16]. The observed change of the porosity distribution,
and the apparent decrease of the number of large pores
into which the electrolyte penetrates, suggest that both
hypotheses can be true.

The lowest values of the passive current density
(Fig. 4(d)) were observed for the specimens which
were re-pressed and heat treated. As a consequence of
the applied heat treatment, the hexagonal cobalt phase
was not observed in the re-pressed specimens, which
became again one-phase material samples with the im-
proved surface layer structure. This confirms explicitly
that these specimens show the highest corrosion resis-
tance among the other sintered samples. The highest
corrosion resistance of the re-pressed and additionally
heat treated specimens, among the other sintered
specimens, is successfully proved by the fact that their
current density is lower than about 1.5 Am—2(K3).

The significant influence of the applied treatments
on the improvement of the corrosion resistance of the
sintered Co-Cr-Mo alloy samples in the Ringer’s so-
lution is confirmed by the comparison of the anodic
polarization curves for all specimens in Figs. 5-6.
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Figure 6 The polarization curves for the rotary cold re-pressed speci-
men of the Co-Cr-Mo alloy, additionally heat-treated—sample K3, the
mechanically polished 316 L implant steel sample [17] and the Ti6Al4V
alloy sample anodised in 0.5 M H3POy4 [18].

Although the curves in Fig. 5 indicate that the sintered
specimens show a slow increase of the passive current
in the passivity region, the values of the current density
do not exceed the corresponding values for the Vitalium
specimen at ~ 4-1.0 V (SCE) at the higher potential. In
a wide potential region, up to about +0.8 V (SCE), the
sample K3 (Fig. 6) shows passive behaviour similarly
to the Vitalium, whereas the polished specimen of 316
L implant steel reveals a breakdown at the potential
of about +0.48 V (SCE). Although higher than that
for titanium and its alloys [17,18] (Fig. 6), the current
densities of all sintered Co-Cr-Mo alloys within the
potentials up to +0.8 V (SCE) do not exceed the value
of 10 Am~2, acceptable for passive materials [14, 15],
and correspond to true values of the electrochemical
potentials of metallic biomaterials, when implanted in
human body.

4. Summary

The re-pressing and subsequent heat treatment ap-
plied to the sintered specimens made of the Co-Cr-
Mo alloy powder influenced significantly and benefi-
cially their micro-structure, porosity and corrosion re-
sistance. The applied processes caused homogenizing
of the alloys phase and the decrease of porosity. The
increased number of medium size and small pores as
well as their spheroidizing caused the improvement of
the corrosion resistance of the porous sintered spec-
imens. The highest corrosion resistance of the sin-
tered specimens, which were additionally re-pressed
and heat treated proved successfully their usefulness as
biomaterials.
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