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Cast Co-Cr alloy and pure chromium
in proteinaceous media: an electrochemical

characterization
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Vasconcelos, C1, Piso 5, 1700 Lisboa, Portugal

An electrochemical characterization (by linear sweep cyclic voltammetry and
chronoamperometry at constant potential) of a cast Co—Cr alloy and of pure chromium was
performed and their behaviour compared using NaCl 0.15 M and albumin-containing
solutions as electrolytes. The amount of ions released was determined. The protein
detrimental effect over both materials was detected. Metallic surfaces were also investigated
by X-ray photoelectron spectroscopy and observed by means of optical and scanning

electron microscopy.

1. Introduction
The use of metallic materials in the manufacture of
implants and prostheses is very frequent especially for
orthopaedic and dental purposes. However, their in-
teraction with the body, while unavoidable, is not
always pacific, as is the case when corrosion occurs.
Biocompatibility (“the ability of a material to perform
with an appropriate host response in a specific ap-
plication” [1]) may be influenced in a number of ways,
for instance, by the inherent pH and pO, modification
in the microenvironment surrounding the implant [2],
by physical and chemical surface changes [3] (topo-
graphy, elemental composition, oxidation states, etc.)
and, of course, by the release and accumulation of ions
in the implant site and/or their distribution through-
out the organism via systemic circulation [4]. We are
far from a full understanding of all the phenomena
involved because of the complexity and variability to
which they are subjected. Materials behaviour charac-
terization in conjunction with physiological reality is
necessary so that, in the near future, suitable bio-
materials may be developed for each application.
Some published papers [5-8] show that the inclu-
sion of proteins in standard in vitro test solutions is
important for the determination of the corrosion res-
istance of metals and alloys. Nevertheless, further
work must be performed in order to answer the
questions raised, such as which particular proteins
influence the process, at which conditions and concen-
trations, is corrosion enhanced or inhibited, how dif-
ferently do materials behave, what happens to the
surface, what kind of corrosion products are generated
and what is the actual mechanism by which proteins
interfere in the degradation of metallic medical de-
vices?
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The principal aim of this study is to evaluate, using
the appropriate electrochemical techniques [9],
the susceptibility to localized corrosion of a cast
Co-Cr-Mo orthopaedic alloy when albumin, the
most prevalent plasma protein, is present. A qualitat-
ive description (e.g. breakdown and repassivation po-
tentials) of the process is obtained by linear sweep
cyclic voltammetry. Since the passivation of the men-
tioned alloy is due to the formation of a spontaneous
chromium oxide surface layer, a comparison with the
behaviour of pure chromium under the same condi-
tions is made. In addition, quantitative information is
provided by chronoamperometry at constant poten-
tial, conducted to simulate the ageing of the material
over a short period of time. Optical and scanning
electron microscopy and X-ray photoelectron spectro-
scopy (XPS) supply complementary data concerning
the resulting surface state. Metallic contents in solu-
tion are determined by atomic absorption spectro-
SCopy.

It is also hoped to contribute to the establishment of
normalized electrochemical tests that take into ac-
count the organic composition of body fluids,
allowing a more reliable prediction of the in wvivo
implants performance.

2. Materials and methods
The alloy used in the experiments has the following
elemental composition (% by weight): Co(balance),
Cr(28), Mo(5.5), Ni(1), Si(0.95), Fe(0.7), Mn(0.65) and
C(0.25). Chromium samples have a 99.96% degree of
purity.

Both type of materials were cut as discs of 15 mm
diameter, and thin enough to be held by vacuum in an
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electrochemical cell of capacity 20 ml (Fig. 1) provided
with a SCE (in a separate compartment) and a large-
area gold counter electrode. Prior to voltammetric
and chronoamperometric essays the surfaces of the
samples were polished to a mirror finish using succes-
sively finer grades of alumina (Buehler, down to
0.015 pm) and rinsed with distilled water. By polishing
the samples (which is a normal practice in electro-
chemistry) a good, reproducible surface was obtained
for use in the corrosion tests.

Bovine serum albumin (Sigma) was added to the
basis saline electrolyte (NaCl 0.15 M, p.a. reagent) and
the pH was adjusted to the physiological value (7.4).
The selected protein concentrations were all inferior to
the serum albumin content which is about 50 gdm 3
[7].

During the electrochemical studies, the system was
maintained at 37°C (by circulating water through the
double wall of the cell) and was agitated at 200 rpm. A
Bank Electronic Wenking POS73 potentioscan was
used to control the working electrode potential and
the response was monitored by a Houston Omni-
graphic 2000 X-Y-t recorder. Voltammetric measure-
ments were carried out at 5 mV s~ ! scan rate and were
begun at the rest potential (determined after 30 min of
sample-solution contact). The scans were reversed at
700 mV which is a potential higher than, but reason-
ably close to the breakdown value. A 700 mV poten-
tial was also applied during the chronoamperometric
essays for the same reasons. All electrochemical ex-
periments were done at least three times.

Sample surfaces were examined using a Zeiss
ICM405 optical microscope and a Jeol JSM-T 300
scanning electronic microscope.

X-ray photoelectron spectroscopy, XPS, was per-
formed in a Kratos XSAM 800 spectrometer using Mg
K, exciting radiation (1253.7¢V) at 1.33x 1077 Pa
vacuum. The angle between the normal to the sample
surface and the entrance to the electron energy ana-
lyser was 60°. The area analysed was 1 mm? All
metallic surfaces were washed with distilled water and
acetone and dried in a flow of nitrogen before XPS
essays.

Atomic absorption spectrometry (AAS) analysis of
the solutions containing the corrosion products was
made with a Pye Unicam SP9 spectrometer connected
to a Philips 910 Computer. An air—acetylene flame

Counter
electrode Sample
Salt bridge
<+
————

- <4— Water (37°C)

Magnetic stirrer

Figure 1 Electrochemical cell.

and specific lamps for each element were used in the
analysis. In the calibration procedure; BDH spectro-
sol standard solutions were used. The blank (con-
sisting of the electrolyte) and all the solutions were
nitric acid digested. The AAS detectable limit for both
Co and Cr was 0.05 ppm.

All data (potential values and Co and Cr contents)
are presented as mean values with 95% confidence
intervals calculated by Student’s ¢ test.

3. Results and discussion

3.1. Open-circuit potentials and cyclic
voltammetric studies

Table I shows the 30 min open-circuit potentials of

Co—Cr—-Mo alloy and of pure Cr for the different

albumin concentrations used. They are very much

more negative than the breakdown potentials that will

be presented later and so corrosion is not occurring at

the beginning of the electrochemical tests.

Analysis of the cyclic voltammograms displayed in
Fig. 2 and Fig. 3 for Co—Cr—Mo alloy and for pure
chromium, respectively, reveals the detrimental effect
of the albumin on those materials.

The presence of the protein modifies the range of
potentials corresponding to a passivated surface state,
for which electrochemical degradation may be dis-
regarded. The anodic potential limit of the passivation
domain (for which the Faradaic current is no longer
null), also known as the breakdown potential, is for
both cases, about 0.40 4 0.02 V versus SCE when the
electrolyte is albumin free. However, the loss of integ-
rity of the thin chromium oxide film starts at 0.25

TABLE I Open-circuit potentials

Albumin Cr Co-Cr-Mo
(gdm™3) (V versus SCE)
0.0 —0.59 £ 0.01 —0.42 4+ 0.03
2.5 —0.62 + 0.05 —0.40 + 0.04
5.0 —0.66 £+ 0.02 —0.42 £,001
10.0 —0.65 +0.04 —0.40 £+ 0.03
17.5 — 068 +003 —0.41 4+ 0.03
250 —0.69 + 0.03 —0.38 +0.04
[0 1 mA cm™2
0 09 dm-3 0.7

E/ Vversus SCE E/ Vversus SCE

Figure 2 Voltammetric responses of Co-Cr—Mo for different al-
bumin concentrations.
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Figure 3 Voltammetric responses of pure chromium for different
albumin concentrations.

+ 0.06 V versus SCE for the alloy electrode and at
0.35 £ 0.05 V versus SCE for the pure metal sample
when the protein is added to the electrolyte (there is no
clear distinction among the breakdown potentials de-
termined for the different albumin contents).

Anodic current values are also enhanced when pro-
teinaceous solutions are used, more markedly for the
Co-Cr alloy, probably due to the dissolution of other
species along with chromium (we shall see later that
cobalt is dissolved in important quantities). The ano-
dic corrosion rates recorded by voltammetric means
increase to some extent with the protein concentration
(Fig. 4). Elsewhere [10] we have pointed out that this
could be due to a spatial saturation of albumin mole-
cules at the working electrode surface; actually it is
known that this protein strongly adsorbs to the
Co—Cr alloy surface [11]. This interpretation is re-
inforced by the present data because the corrosion
rate plateau is attained for nearly the same albumin
concentration (17.5 gdm™3) for both samples pre-
senting identical geometric areas.

In spite of these latter features, albumin does not
interfere in the hysteresis behaviour shown by the
different materials, which is very slight (current values
are almost the same in direct and reverse scans) and
similar in all the responses recorded; on the other
hand, the repassivation potentials, defined as the val-
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Figure 4 Corrosion rate dependence with albumin concentration at

700 mV versus SCE: @ Co—-Cr—Mo: Y = (0.50 £ 0.02) (1 — exp(

—(0.12 + 0.01) X)) + (0.10 & 0.02); A pure Cr: Y = (0.20 £ 0.02)

(1 —exp( — (0.10 £ 0.02) X)) + (0.03 £ 0.01).
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ues where the current reaches the zero value
(£ 0.001 mA cm~?2) in the reverse scan, coincide with
breakdown potentials.

The voltammetric experiments illustrate the import-
ance of the presence of chromium in the alloy com-
position in order to achieve a better corrosion resist-
ance.

3.2. Chronoamperometric essays at constant
potential

With the aim of performing a simulation of the ageing
of the materials, four chronoamperometric essays
were conducted at 700 mV versus SCE under the
conditions depicted in Table II. The current was re-
corded and its evolution with time is plotted in Fig. 5.
As expected, the adverse effect of the presence of
albumin with resulting larger corrosion rates is notice-
able. In terms of the oxide film damage, the action of
the protein is time dependent and corrosion propaga-
tion occurs until an equilibrium state is achieved,
which results from a compromise between metal/
metal oxide dissolution and formation due to anodic
polarization. Probably, the adsorbed albumin mole-
cules which may be somehow responsible for the
increase in corrosion, suffer rearrangements with time
(in order to accommodate more molecules and/or to
achieve a certain conformation) until a steady-state
adsorption profile is reached, corresponding to a con-
stant corrosion rate.

Indeed, the same features were observed for saline
electrolytes containing 10% (v/v) complete serum
[10]. Although the existence in serum of many pro-
teins other than aibumin that may interact with metals

TABLE II Conditions for chronoamperometric essays

Experiment Material Albumin Time
(gdm™?) (h)
1 Co-Cr-Mo 0 1
2 Co-Cr-Mo 5 1
3 Cr 0 2
4 Cr 5 2
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Figure 5 Current evolution during the chronoamperometric ex-
periments (—-— essay 1, (- - — essay 2, - — — essay 3,

essay 4).



in a different and more specific way, corrosion was
also enhanced and to a larger extent than in the
present case where we use 5 gdm ™2 of albumin (con-
centration predicted in 10% (v/v) serum). In fact,
because of its high concentration in serum, we think
that albumin has an important role in implants degra-
dation.

3.3. Metallic solution contents
The consequent metallic contents in solution are
shown in Table III. For the alloy, the Cr/Co ratio is
enhanced in the albumin-containing extract (from 0.33
+ 0.02 to 0.39 £ 0.03). The same effect was previously
observed for gamma-globulin and serum media [10];
for instance, the referred ratio was 0.41 + 0.03 for a
2.5 gdm ™3 gamma-globulin solution and 0.38 + 0.03
for a 10% (v/v) serum electrolyte. The protein has a
stronger action on the dissolution of chromium for the
alloy than for pure chromium; extract concentrations
are, respectively, 5.4 and 3.9 times larger than the
determined values in simple saline solutions.

Some controversy exists around the oxidation state
of chromium released from implants [12, 13]. In its
trivalent state, chromium appears to be essential for
biological systems (forming part of the glucose toler-
ance factor) whereas as hexavalent ion it has cytotoxic
and carcinogenic effects [14]. The total charge trans-
ferred during the corrosion process can be calculated
from the integration of the current versus time plots of
Fig. 5, and compared with the values estimated from
the metallic contents in solution given by atomic
absorption spectrometry assuming the presence in the
extracts of Co(Il) and Cr(III) or Cr(VI) (Table III). It
appears that the degradation of the pure metal in
extracts with and without albumin gives rise to hexa-
valent chromium. The same results are more difficult
to interpret for the alloy because of its complex com-
position. Nevertheless, and at least for the experiment
performed in the saline solution, a mixture of both
valences is possible as the average amount of charge
transferred obtained from the current plot (0.38
+ 0.02 C) is an intermediate value between the other
two calculated from atomic absorption data (0.31
+ 0.03 C for Cr(III) and 0.42 % 0.04 C for Cr(VD));

TABLE III Metallic contents in solution and charge transferred
during corrosion

Experiment Co Cr Charge transferred (C)
(ppm)  (ppm) A B C
1 3.0 1.0 0.38 0.31 042
+03 +0.1 +002 +£003 4004
2 139 54 242 1.51 2.11
+06 +04 +002 4£007 4009
3 - 1.8 043 0.20 0.40
+01 +£001 +001 +0.02
4 - 7.0 1.61 0.78 1.56
+04 +008 +004 +0.08

A — from the integral of current versus time plots.

B - from atomic absorption spectroscopy data assuming the pre-
sence of Co(II) and Cr (IlI) in solution.

C - as B, assuming the presence of Cr(VI) in solution.

however the hypothesis of having only Cr(VI} in
solution is not absurd if we take into consideration
the experimental data errors. Indeed, after corrosion,
all solutions presented the soft yellow colour charac-
teristic of chromates corresponding to an absorbance
at 372 nm [15] and measurements of Cr(VI) content
will be performed in future studies using photometric
analytical techniques.

3.4. Surface analysis

The Co—-Cr—Mo surface before and after chronoam-
perometric essays was examined by XPS analysis. The
metallic contents (atomic percentages) detected in the
oxide film are shown in Table IV (oxygen is omitted)
for a sample without electrochemical treatment
(polished and immediately introduced in the vacuum
chamber of the spectrometer) and for the other two
samples resulting from the experiments with and with-
out protein. Apart from the usual composition differ-
ences among surface and bulk material [16] it must be
noted that the surface of the sample submitted to
corrosion in the saline solution shows a strong en-
richment in chromium and a slight enrichment in
nickel and molybdenum in comparison with the poli-
shed surface. It is also the lowest cobalt content case.
The surface produced in proteinaceous medium has
an oxide layer composition with just a little more
chromium and nickel and with a little less cobalt than
the one from the polished sample; additionally, the
almost nonexistence of molybdenum in the surface is a
very interesting fact.

Cobalt and chromium were our main concern in
this work due to the alloy composition and to their
inherent biocompatibility problems [17]. However,
this last feature has given rise to the possibility of there
being a preferential dissolution of the molybdenum
from the alloy by the action of the protein, and further
work is in progress to clarify these aspects.

The deconvolution of the chromium peak from the
XPS essays (Table IV) also indicates the existence of
hexavalent chromium in the oxide film under all
circumstances.

The metallic surfaces were observed by optical
(Fig. 6) and scanning electron microscopy (Fig. 7).
The intergranular corrosion in the Co—Cr—Mo alloy
can readily be seen, with a strong attack at the
grain boundaries adjacent areas corresponding to

TABLE IV XPS analysis for the Co~Cr—Mo alloy

Experiment 1 Experiment2  Polished sample

(atomic percentages)

Co 5.4 19.6 21.3
Cr 74.7 69.2 61.2
Mo 8.7 1.0 8.2
Ni 11.2 102 9.3
(percentages from total chromium)
Cr (0) 6 4 13
Cr (1) 66 78 75
Cr(v) 28 18 12
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(a)

Figure 6 Optical micrographs: (a) alloy polished surface; (b) alloy surface after essay 2; (c) pure chromium polished surface; (d) pure

chromium surface after essay 4.

Figure 7 Y-modulated SEM micrographs (A-alloy polished surface; B-alloy surface after essay 2).

chromium depleted zones surrounding carbide pre-
cipitates. The consequences of the localized corrosion
on the surface of pure chromium were not so notice-
able.

4. Conclusions

The effect of proteins on the degradation of metals and
alloys must not be neglected. The present results have
shown, for both tested materials, that the incorpora-
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tion of albumin in the electrolyte has a negative
influence over the corrosion resistance.

For the in vitro experiments, under all corrosion
conditions studied, hexavalent chromium has been
detected in solutions. Cr(VI) is also always present on
the Co—Cr—Mo alloy surface and the disappearance of
molybdenum from surfaces subject to accelerated
ageing in a proteinaceous electrolyte is a noteworthy
aspect.



This study reinforces the need for, and the advan-
tages gained by, testing metallic biomaterials under
adequate conditions prior to their use inside or-
ganisms,
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