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The corrosion of five materials for implant suprastructures (cast-titanium, machined-
titanium, gold alloy, silver-palladium alloy and chromium-nickel alioy), was investigated in
vitro, the materials being galvanically coupled to a titanium implant. Various electrochemical
parameters Ecorr. icorr Evans diagrams, polarization resistance and Tafel slopes) were
analyzed. The microstructure of the different dental materials was observed before and after
corrosion processes by optical and electron microscopy. Besides, the metallic ions released
in the saliva environment were quantified during the corrosion process by means of
inductively coupled plasma-mass spectrometry technique (ICP-MS). The cast and machined
titanium had the most passive current density at a given potential and chromium-nickel alloy
had the most active critical current density values. The high gold content alloys have
excellent resistance corrosion, although this decreases when the gold content is lower in the
alloy. The palladium alloy had a low critical current density due to the presence of gallium in
this composition but a selective dissolution of copper-rich phases was observed through

energy dispersive X-ray analysis.
© 2000 Kluwer Academic Publishers

Introduction

Corrosion manifestations on dental alloys may exhibit
biological, functional and aesthetic effects, of which the
biological effects are of greatest significance. In
corrosion processes metal ions are released and may
come into contact with cells and tissues in the close
environment, or be distributed throughout the entire
body. If these ions are not biocompatible, the organism
may be injured (toxicity and risk of sensitization).
Therefore, the ultimate goal must be to only use those
alloys with minimal metal ion release [1].

Titanium was chosen as an implant material primarily
on account of its inert behavior towards hard tissues, with
the formation on its surface of a direct bony accretion,
which was described as an osseointegration phenomenon
{2-5]. While it is unanimously agreed that titanium has
proved its qualities as a material for endo-osseous
implantation, the choice of a suitable alloy for the
suprastructure remains an open subject of study. Thus
this choice has to be made by taking into account the
corrosion resistance when the alloy is coupled with
titanium, the biocompatibility, and the clinical studies of
the relationship between the metal and the epithelium or
the subepithelial connective tissue or bone tissues [6].

In vitro electrochemical techniques have been proven
to be sufficiently sensitive to measure even a low
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corrosion rate, moreover they are quick and convenient
and are now used by many researchers [7-11].

The aim of this article is to compare the corrosion
behavior in artificial saliva solution of five suprastruc-
tures materials at 37 °C and to investigate the effects of
chemical composition on their corrosion behavior. By
means of inductively coupled plasma-mass spectrometry
to determine the types and amounts of metal ions
released from these couples and based on these data,
recommendations can be made for connecting titanium
implants to different alloy suprastructures for the health
and comfort of patients.

Material and methods
The chemical composition of the titanium and the dental
alloys studied is given in Table L

Five samples were tested in the form of small cvlinders
(2 mm diameter and 3 mm height) connected to a stem in
order to establish the electrical contact for each dental
material studied. They were polished metallographically
with diamond paste from 5pm to 0.1 pm. Titanium
implant and dental alloy couples were kept immersed in
the electrolyte for all the measurements taken. The
electrolyte is an artificial saliva at a temperature of 37 °C
and pH 6.7 with the composition given in the Table 1L
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TABLE | Chemical composition of the dental materials studied in weight percentage

Materials

Chemical composition

Implant

Machined titanivm
Casting titanium
Palladium alloy
Chromium-nickel alloy
Gold alloy

Titaniumn commercially pure grade 1 (>99.9% Ti)

Titanium commercially pure grade 2 (>99.5% Ti)

Titanium commercially pure grade 2 (>99.5% Ti)

73.7% Pd, 14.9% Cu, 11.4% Ga

76.5% Ni, 14.3% Cr, 5.6% Al. 2.3% Mo. 0.8% Si y 0.5% Fe
50.0% Au, 31.5% Cu, 13.0% Ag. 5.4% Zn.

TABLE Il Chemical composition of the artificial saliva

Compound Composition (g/dm’”)
K,HPO, 0.20

KCi 120

KSCN 033

Na, HPO, 0.26

NaCl 0.70

NaHCO, 1.50

Urea 1.50

Lactic acid upto pH==6.7

The schematic electrical set-up used 1o measure the
electrochemical parameters is shown in Fig. 1. The
corrosion cell used is a glass cell with the working
electrodes and a saturated Ag/AgCl electrode used as a
reference. The distance from the reference electrode to
samples was 25 mm. The ratio of anode surface to the
cathode surface was equal to one.

The current versus time in the galvanic coupling
studied was controlled by an Hewlett Packard potentio-
stat. The variation of the potentials in an open a short
circuit was controlled by a digital multimeter & scanner.
Using this type of assembly it is possible to measure at
the same time the cumrent and the common potential
(short potential) versus time of the galvanic coupling
studied. Similar assemblies were used by other authors in
measurements of Evans diagrams of galvanic couplings
[6, 12-15]. The overall system was controlled using PC-
compatible computer. The preparations of the samples
and the corrosion test carried out followed the ASTM
standards G8 and G15.

The couplings were subjected to the following
measuring cycle:

Potentiostat

- e

1: Sample
2: Reference elecirode
3: Working electrode

G0y

Cell

Figure I Schematic electrical set-up used to measure the clectro-
chemical parameters.

288

o Immersion inn the de-aeraled electrolyte for 250 min
with recording of the open potential of each electrode.

e By means of a potentiostat, the potential was
increased at intervals of 50mV up to 1.6 V. Recordings
of the variation of the galvanic current density, potential,
ete. were obtained and the Tafel slopes were determined
from the Evans diagrams. In order to determine these
diagrams, it is very important to record the polarization
curves in a pseudostationary manner. I our case, the
250 min of immersion of specimens was sufficient.

The microstructure of the different dental materials were
observed before corrosion processes by optical micro-
scopy. The corroded surfaces were observed by scanning
electron microscopy in order to observe the pitting zones
and by means of X-ray dispersive energy microanalysis
can determine the chemical composition of the places
more prone 1o corrode.

Five specimens of each galvanic coupled system were
placed in a container with artificial saliva. The surface of
the samples was of 770 mm? and the volume of the fluid
was 250 ml. Ten millilitres of solution was extracted at
different times in order to analyse the metallic ions
released. The container was perfectly protected in order
that no impurity interfered with the results. The
quantification of the ions released was carried out by
ICP-MS measurement. This spectrometric technique
facilitates the quantification of chemical elements in
very diluted solutions, even as little as parts per billion
{nanograms/millilitre). This considerable sensibility is
due to the use of Argon plasma which works at
temperatures between 8000 and 9000°C at which
almost all materials are ionized. These measurements
were carried outl with samples taken at 1, 3, 5, 10, 24,
120, 168, 360 and 560h.

Results and discussion

The corrosion rates of alloys used for dental applications
can be easily determined by electrochemical methods,
because of their extremely low corrosion rates. This
technique also permits repeated corrosion measurements
on the same sample.

Figs 2 10 6 show the variation in the current generated
by the couples versus the variation in potential of the
couples. Table H1 shows the results of the different
corrosion  magnitudes adapted to internationally
acknowledged definitions used in ISO/CD 10271
{**Dental Metallic Materials-Corrosion Test Methods™):

e Open circuit potential (Epcp), Potential of an
electrode measured with respect to a reference electrode
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Figure 3 Current generated versus potential of the couple palladium
alloy-titanium.
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Figure 4 Current generated versus potential of the couple mickel-
chromium alloy-titanium.
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Figure 5 Current generated versus potential of the couple machined
titanium-titanium.
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Figure 6 Current generated versus potential of the couple cast titanivm-
titanium.

or another electrode when no current flows to or from the
material.

e Zero current poiential (Ez), Potential where
cathodic and anodic currents are equal in a polarization
test of the couple Ti implant-alloy.

e Corrosion Potential (Ecore), Potential calculated at
the intersection where the total oxidation rate is equal to
the total reduction rate.

e Corrosion current density (icorg), Current divided
by the surface of the electrode. It is the size of the anodic
component of the current which flows at the corrosion
potential Eqqrg. Since by definition the resulting current
is equal to zero at that potential, the cathodic component
is of equal size, but of opposite sign. The measured
resulting current being zero at the corrosion potential, the
corrosion current density icgrg can only be obtained by

TABLE 111 Mean values obtained from potentiostatic polarization plot of dental materials studied in artificial saliva solution

Material Eqcp (mV) Ez (mV) Erogr (mV} icorg (MA/cm2} Anodic current {mV) Cathodic current (mV}

Ti-cast 2432 —73+12 —10+3 —80-10°° 195+ 12 5543
+2.0. 1077

Ti-machined —12+4 —211+15 —7549 — T 408 420+5 180+9
+3.0- 1077

Gold atloy — 6346 86+11 154 +12 35.107° 373+15 150417
+1.0-10°¢

Pd alloy 200412 155+9 50412 401076 283+21 8149
+1.0-107¢

Cr-Ni alloy 8+3 —243+720 285423 1.1-107% 15048 145+12
+8.0-107°
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indirect methods, e.g. by the Tafel equation. Tafel
constanis a and b: @ and b are the Tafel proportionality
constants for anodic {oxidation) and cathodic (reduction)
reactions of a metal.

The results of the zero corrent potential adopred by the
couples are within the range of — 243 mV for Ti implant/
chromium nickel alloy couple and +155mV for Ti
implant/palladivin alioy couple. It may be noted that the
potentials in an open circuit and the zero current potential
of the couples of the precious alloys adopt positive
values. The precious alloys remain in their immunity
range and will therefore act as cathode, while the
titanium will be under anodic coatrol. For the non-
precious alloys, the open potential shows negative
values.

The higher the current density at a given potential, the
more prone is the material to corrode. Cast and
machining titanium had the most passive (—8.0-107°
and 7.1- 10~ mA/cm?) and chromium-nickel alloy had
the most active (1.1-10~*mA/cm?) critical current
density values.

The difference of the current density at a given
potential between cast and machined titanium is due to
the internal stresses produced in the surface of the
titantum machined that favor the corrosion processes. All
the cast samples presented the same grain size (20-
25um) because the grain boundaries affect at the
corrosion behavior. When the samples have a small
grain size show higher critical current density than the
bigger grain size because the grain boundaries store
internal energy which favors the corrosion.

From Table I1I can be seen the Tafel slopes, the non-
corrodible alloys, which are either passive or in the
process of passivation have slopes values of a <b. In
contrast, alloys tending to corrode spontancously have
slope values a <b. The anodic slope for chromium-
nickel alloy is 150 mV and cathodic slope 145 mV. These
values are very similar and therefore the tendency to
corrode is greater than for the other alloys smudied.

Noble and semi-noble alloys

The high-gold alloys have all excellent resistant to
corrosion. Pitting corrosion was not found. The corrosion
resistance of these alloys is due to the high thermo-
dynamic stability of the gold in the alloys [16-191.
Although the alloys are considered to have good
corrosion resistance, metallic ions are released to the
surrounding environment. This observation has been
reported in both in vitre and in vive studies [17, 19, 20].
In low-gold alloy, as the alloy of the present study,
corrosion occurs primarily in silver-rich regions and
secondarily in copper-rich regions, as was corroborated
by other studies [16,21]. Comrosion attacks occur
primarily in the grain boundaries, where silver segrega-
tion were localized, as can be seen in Fig. 7.

The jon release in the gold alloy attached to the
titantum oral implant increased more slowly than in the
rest of the alloy studied and moreover the amount of ions
released tended to become stabilized as time goes by, as
can be observed from the results shown in Fig. 8. What is
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Figure 8 lon release to the saliva from the gold alloy.

Figure 9 Microstructure of the palladium alloy.

mainly released is copper, but it does not exceed 175 ng/
ml after 560 h.

Palladium alloy did not show pitting corrosion as can
be observed in Fig. 9. However, selective dissolution of
copper-rich phases was observed through energy
dispersive X-ray analysis. This alloy had low critical
current density, this fact may be due to the gallinm in this
composition. Because palladium is a gas-occluding metal
when molten, it contributes to casting porosity. This
requires the addition of some oxidizers, such as gallium.



Gallinm prevents gas absorption and decreases pitting
corrosion [16]. The palladium base alioy without or with
low silver concentrations exhibited lower corrosion
current densities and increased resistance to sulfide
tarnish than the palladium-silver alloy. In this alloy
selective dissolution of copper-rich phases was observed
[18].

The Palladium alloy joined io the titanium oral implant
reveals a very small palladium ion release. about 20ng/
mi after 560 h, but a significant release of other jions such
as copper and gallium are detected, specially after 100h.
The results are shown in Fig. 10.

Base metal alloys

The higher costs of materials have encouraged the
development of varicus base-alloy compeositions. Major
components of these alloys include either nickel. cobalt,
copper, iron or titanium. In contrast, to the noble and
semi-noble alloys, these metals are not as thermodyna-
mically stable, and a major aspect of their corrosion
resistance is related to the formartion of a thin, protective
oxide film (passive film) on the surface of the metal. If
the oxide film is disrupted, then the metal or alloy must
repassivate in order for the material to be protected. This
stability and the ability of the passive film to reform are
important considerations when the overall comosion
properties of these alloys are being determined.

Commercially pure titanium are used for dental
implants. Its use in suprastructure coupled to a titanium
implant would produce an important decrease in the
galvanic corrosion as has been showed in the results of
this paper, as galvanic comosion can occur when
different alloys are placed in direct contact with the
oral cavity or within tissues.

Titanium is one of the most comosion-resistant
materials used for biomedical applications. The oxide
that forms on titanium provides the corrosion resistance
under static conditions, and it has often been reported
that titanium is not susceptible to pitting and/or crevice
corrosion phenomena. However, it should be pointed out
that the oxide film is not sufficiently stable to prevent
galling and seizing under loading conditions [6]. This,
under these conditions, the titanium oxide can be
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Figure 10 lon release to the saliva from the palladium alioy.
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Figure 11 lon release to the saliva from the cast and machined
titanium.

removed, resulting in the release of metallic debris and
ions. These properties could represent a limitations
related to some dental applications.

Fig. 11 shows the cast and machined titanium ion
release of 23ng/mi and 40ng/mi after 560h, respec-
tively, a larger amount than the oral implant when this
was studied separately (15 ng/ml) with a similar surface
in contact with the saliva. The difference between the
values of the cast and machined titanium coupled oral
implant is due 1o the comosive process that takes place.
Although both metals are titanium, and, generally,
corrosion is not be expected in galvanic equals, it is in
fact produced due to the fact that the two titanium pieces
have different grades of purity, geometry, grain sizes,
finished surface and internal stresses. However, the ion
release observed is small enough, at least in the short
term [2-3].

Chromium is added to the nickel-based alloys to
tmprove the alloy ability to form a protective oxide film
on the surface. It has been suggested that a chromium
content from 16-27% will provide an optimum corrosion
resistance for the nickel-based alloys, while the addition
of molybdenum will also further enhances the corrosion
resistance [22]. Alloys with lower chromium content
may not be able to develop oxide films adequate for
corrosion resistance.

The microstructure of the nickel-chromium alloy
before corrosion test is shown in the Fig. 12. This
reveals its dendritic structure and an eutectic phase,
which is susceptible to preferential corrosion [23-25]. In
Fig. 13 and 14 can be observed an etched surface
showing the corrosion of preferential phase of the
eutectic and thus a disruption of the oxide film. This
alloy presents a localized corrosion phenomena. The
phases formed by the minor alloying elements have been
shown to have a significant effect on the corrosion
properties of the nickel-based alloys {17].

The results of the ion release show that the chromium-
nickel alloy liberates the largest amount of ions. The
copper release is 200 ng/ml in the 10 first hours after the
combination has been submerged in saliva and the ion
release is also very important, 240 ng/ml after 560h, as
can be appreciated in Fig. 15. The high quantity of
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Figure 12 Microstructure of the nickel-chromium alloy.

Figure 13 Corrosion of preferential phase on the nickel-chromium
alloy.

Figure 14 Corrosion of preferential phase on the nickel-chromium
alloy.

copper released has been observed in the gold and
palladium couples, this element is introduced in the
dental alloys in order to improve the castability but it can
produce toxicity. The same occurs with the nickel release
in this alloy, as the organism may be injured (risk of
sensitization) by the presence of this element. The
chromium and molybdenum ions increase slowly and
reach levels of 80ng/ml in the solution at 560h. This
greater jon release in the environment can be justified
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Figure 15 Ton release to the saliva from the nickel-chromium alloy.

becanse this alloy presents the lowest corrosion
resistance and accordingly a larger amount of corrosion
products are released to the environment.
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