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Electrochemical impedance spectroscopy study of
high-palladium dental alloys. Part |: Behavior at
open-circuit potential*
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Electrochemical impedance spectroscopy (EIS) was used to study the in vitro corrosion of
three representative high-palladium alloys and a gold-palladium alloy for comparison. The
corrosion resistances (measured as the charge transfer resistance R.r from an equivalent
circuit) of the high-palladium alloys and the gold-palladium alloy were comparable in
simulated body fluid and oral environments, and under simulated dental plaque. The great
similarity in corrosion behavior for the three high-palladium alloys is largely attributed to
their substantial palladium content and passivity in the laboratory test media, and possibly to
their similar structure at the submicron level. Differences in composition and microstructure
at the micron level and greater, including the effects of heat treatment simulating the firing
cycles for dental porcelain, do not have noteworthy effects on the in vitro corrosion of the

three high-palladium alloys. Good accuracy and convenience of extracting corrosion
characteristics from equivalent circuit modeling, along with the capability of providing
intrinsic information about the corrosion mechanism, enable EIS to be an excellent
alternative method to conventional potentiodynamic polarization for evaluating the

corrosion behavior of noble dental alloys.
© 2002 Kluwer Academic Publishers

1. Introduction

High-palladium casting alloys containing greater than
75 wt % palladium, and derived from the Pd—Cu—Ga and
Pd-Ga systems, are popular alternatives to traditional
gold-based alloys for metal-ceramic restorations in
restorative dentistry [1,2], because of their excellent
mechanical properties [3,4] and good porcelain adher-
ence [5]. Corrosion of the cast alloy may result in failure
of the restoration and biocompatibility problems due to
ion release [6]. Moreover, while definitive explanations
are lacking, some health problems attributed to the use of
palladium alloys for dental restorations have been
reported [7,8]. Elucidation of the corrosion behavior
and mechanisms for high-palladium alloys helps provide
a better understanding of their biocompatibility, which in
turn may result in the development of improved dental
casting alloys.

Conventional potentiodynamic polarization methods,
originally used to study in vitro corrosion of gold-based
casting alloys [9-13], have also been extensively used to
investigate the corrosion behavior of the high-palladium

dental alloys. The corrosion behavior of the latter alloys
in media-simulating body fluids and the oral environment
is excellent and comparable to that of the gold-based
alloys [13—18]. Recent research has shown that the in
vitro corrosion behavior of representative high-palla-
dium alloys in the as-cast and simulated porcelain-firing
heat-treated conditions is essentially equivalent [19].
Whereas some previous studies with older palladium-
based alloys concurred that heat treatment, microstruc-
tures and compositions did not affect corrosion behavior
[20-22], contradictory results have also been reported
[23-25].

The excellent corrosion resistance of the high-
palladium alloys has been attributed to the their passivity
and the inherent nobility of palladium [19]. Both the Pd—
Cu-Ga and Pd-Ga alloys, either as-cast or after
simulated porcelain-firing cycles, exhibited spontaneous
passive behavior for in vitro conditions representative of
the oral environment [19]. Atomic absorption and X-ray
photoelectron spectroscopy revealed that selective
dissolution of Co and Cu occurred for binary Pd—Co
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and Pd—Cu alloys in an artificial saliva, resulting in a
palladium-enriched surface [26]. Sarkar and colleagues
[24,27-29] have employed potentiodynamic polariza-
tion methods to show that the in vitro corrosion behavior
differs for silver-containing and silver-free high-palla-
dium alloys. Formation of silver-enriched surfaces for
the former and palladium-enriched surfaces for the latter
has important implications about their biocompatibility.

While potentiodynamic polarization methods provide
information concerning corrosion resistance and
susceptibility, passivation behavior, and energetic con-
siderations for film breakdown, they cannot be used to
study the interfacial phenomena that govern the
corrosion process. Moreover, because information is
obtained far from steady-state conditions, reaction rates
for in vivo conditions may not be determined accurately
and, at elevated potentials compared to the corrosion
potential, diffusion of species often limits the interfacial
reactions. Electrochemical impedance spectroscopy
(EIS) [30-32] uses very small amplitude signals that
minimally perturb the electrodes. Additionally, EIS
provides the capabilities of studying corrosion reactions,
measuring corrosion rates, and determining multiple
corrosion parameters that govern charge transfer and
charge storage from the same measurement.

The objective of this study was to investigate and
compare the in vitro corrosion behavior of three high-
palladium alloys and a gold—palladium alloy with a
relatively long history of acceptable clinical perfor-
mance, by the combined use of potentiodynamic
polarization and EIS. Equivalent circuit models were
developed for each alloy to fit the EIS data and explain
the contributions of certain processes to the overall
electrochemical properties.

2. Materials and methods

Two Pd—Cu—Ga alloys, Freedom Plus (78Pd—-8Cu-5Ga—
6In-2Au) [wt %] and Liberty (76Pd—10Cu-5.5Ga—6Sn—
2Au), and one Pd-Ga alloy, Legacy (85Pd—10Ga—1In
—2Au-1Ag), were selected for this study. A gold—
palladium alloy, Olympia (51.5Au-38.5Pd-8.5In—
1.5Ga), with an extensive history of excellent clinical
performance was included for comparison to the high-
palladium alloys. All four alloys are marketed by the
same manufacturer (J. E Jelenko & Co., Armonk, NY,
USA).

Disk-shaped alloy castings of 12mm diameter and
1.3mm thickness were prepared by standard dental
laboratory procedures [1, 2]. After removal of the casting
investment, each specimen was wet-ground on both sides
with 180, 400 and 600 grit silicon carbide abrasive
papers, and polished with 5, 1, 0.3 and 0.05 um alumina
slurries. After polishing, each specimen was ultrasoni-
cally cleaned in both distilled water and ethanol for
10 min, respectively.

Corrosion tests were performed for both the as-cast
and heat-treated conditions of each alloy in three
different electrolytes: 0.09% and 0.9% NaCl solutions,
whose chloride concentrations are similar to those in
human saliva and body fluids, respectively, and
Fusayama solution [33], an artificial saliva. Heat
treatment simulated the firing cycles [3] for Vita VMK
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dental porcelain (Vident, Baldwin Park, CA, USA). The
heat-treated specimens of each alloy were also tested in
two other electrolytes, N,-deaerated 0.09% NaCl
solution (pH=4) and N,-deaerated Fusayama solution
(pH=4), which were chosen to simulate clinical
conditions at the metal-environment interface under
oral bacterial plaque [34,35]. Citric acid was used to
adjust the pH value of the latter two solutions. A
2.5cm x 2.5cm platinum plate served as the counter
electrode, and a saturated Ag|AgCl reference electrode
was used.

After immersion in an electrolyte for 24h at room
temperature, the EIS test [31,32] was performed on an
alloy specimen. During this test, a + 10mV sinusoidal
voltage varying around the previously determined [36]
corrosion potential (Eqgrg) [37] was impressed upon
the specimen over the range of 10kHz to 0.01 Hz, with
10 points per decade (PC4 potentiostat and CMS 100
software, Gamry Instruments, Inc., Warminster, PA,
USA). The current was collected and analyzed for
magnitude and phase relationship with the voltage, to
determine the electrochemical impedance of the system.
The sample size used with the EIS tests was five for each
alloy/condition (as-cast or heat-treated) and electrolyte
combination. Commercially available software (Zview,
Scribner Associates, Inc., Southern Pines, NC, USA) was
used to model the EIS data.

A linear polarization test was also performed for each
specimen in the same conditions (as-cast or heat-treated
alloy and the particular electrolyte) as those for the EIS
tests. Each specimen was polarized in the range of
4 20mV around the open-circuit potential (OCP) [36],
using a scanning rate of 0.125 mV/sec. The polarization
resistance [32,37] (designated as one measure of the
corrosion resistance) for each alloy condition was
determined by linear regression and compared with a
second measure of the corrosion resistance obtained from
equivalent-circuit modeling [37] of the EIS data. After
being used in one experiment, each specimen was
polished again and reused in another test.

The mean values of the corrosion resistances of all
four alloys for both the as-cast and heat-treated
conditions, as appropriate, in each electrolyte were
compared by two-way analysis of variance (ANOVA),
using a statistical software package (SAS Institute Inc.,
Cary, NC, USA) at a significance level of o =0.05. The
Ryan-Einot—Gabriel-Welsch (REGW) multiple range
test (o =0.05) was used to determine specific cases of
statistical significance for these parameters.

3. Results
3.1. EIS spectra at open-circuit potential and
equivalent circuit modeling

Figs. 1-5 are representative EIS spectra for the three
high-palladium alloys (Freedom Plus, Legacy and
Liberty) and the gold—palladium alloy (Olympia) in the
five electrolytes (0.9% NaCl, 0.09% NaCl, Fusayama,
deaerated 0.09% NaCl and deaerated Fusayama solu-
tions). The specimens for these figures were in the
clinically relevant heat-treated condition simulating the
firing cycles for dental porcelain [5]. The top of each
figure contains the Nyquist diagrams [32] showing the
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Figure 3 Nyquist diagrams for all four heat-treated alloys and Bode
diagram for Freedom Plus in Fusayama solution.
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Figure 5 Nyquist diagrams for all four heat-treated alloys and Bode
diagram for Freedom Plus in deaerated Fusayama solution (pH =4).

relationship between complex (out-of-phase) impedance
(Z") and real (in-phase) impedance (Z') for the four
alloys. The Bode log-log plots [32] of impedance
magnitude and phase shift as a function of frequency
are shown for only one alloy (Freedom Plus) in the
bottom part of each figure, since the Bode plots for all
four alloys in this study would be indistinguishable on
the same graph. The EIS spectra of these alloys for the
as-cast condition were almost identical to their counter-
parts for the heat-treated condition. Comparison of the
spectra for the five different specimens from the same
alloy in the same electrolyte revealed good reproducib-
ility.

The best equivalent circuit for the EIS spectra of the
alloys is a Randles-like model, designated as
Ry — Rcy —CPE, in which the polarization charge-
transfer resistance (Rcy) is in parallel with a constant
phase element (CPE), and both of these elements are in
series with the ohmic resistance Ry, as shown in Fig. 6. In
this model, the constant-phase element may have some
combination of capacitative, resistive and inductive
character [32].

In Fig. 6, Ry is the total ohmic resistance of the
electrochemical cell and contains contributions from the
solution, cables and other sources. R is considered to
be the corrosion resistance of the alloy, which is
inversely proportional to the corrosion current density.
The CPE is defined by two parameters, T and P, in the
equation for impedance [38, 39]
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Figure 6 Equivalent Randles-like circuit model for EIS results.

The value of the exponent P may vary from O to 1. If P
equals 1, then the CPE is a capacitor. If P equals 0, then
the CPE is a resistor. A CPE is often used in an equivalent
circuit model in place of a capacitor to compensate for
inhomogeneity in the system. For example, a rough or
porous surface can be modeled by a constant phase
element with a P value between 0.9 and 1 [40], instead of
a capacitance.

3.2. Corrosion resistance of high-palladium
alloys

The Rcqp, T and P values of all four alloys for both the as-

cast and heat-treated conditions in each electrolyte are

listed in Table I. Generally, the Ry, T and P values of the

three high-palladium alloys are comparable to those for

the gold—palladium alloy, Olympia.

In Fig. 7, the polarization resistances determined from
linear polarization (Rp) and from the equivalent
modeling (Rop) are compared for the high-palladium
alloys. (The data for the Olympia groups have been
excluded because of very high mean values and standard
deviations for R-7.) When Rqp <2 x 106 Qcm?, the Ry
and Rp values agree with each other relatively well, i.e.,
in the same order of magnitude. However, when
Rer > 2x10°Qcem?, Rep and Rp can differ by up to
three orders of magnitude, and Rp is always much less
than Rq7.

4. Discussion

4.1. Interpretation of EIS Spectra

For the electrolytes and the experimental conditions of
the present study, the EIS spectra of the three high-
palladium alloys and the gold—palladium alloy can
generally be modeled as a Randles-like (Rg—R-—CPE)
equivalent circuit (Fig. 6). This shows that the in vitro
corrosion of these alloys in the simulated body fluid and
the simulated oral environment was basically under
charge transfer control. However, Olympia in 0.09%
NaCl and deaerated 0.09% NaCl (pH=4) solutions
(Figs. 2 and 4) was found to have very high R, values.
This suggests that the charge transfer process is highly
inhibited by the formation of a stable double layer for
heat-treated Olympia in the 0.09% NaCl and deaerated



TABLE I EIS parameters (Rqy, T and P values) of the tested alloys*

Alloy Treatment Rerp(x 105 Qcem?) Tx107%(Q 'em~2rad ") P

0.9% NaCl solution

Freedom Plus As-cast 1.622 + 0.732 A 27.30 + 3.31 0911 £+ 0.028
Freedom Plus Heat-treated 3.044 + 0.652 A 23.56 + 2.67 0.928 + 0.024
Liberty As-cast 7.068 + 0.148 A 15.10 + 1.86 0.906 + 0.009
Liberty Heat-treated 4.682 + 0.926 A 22.80 + 1.57 0.934 + 0.005
Legacy As-cast 24.020 + 36.524 A 14.12 + 2.96 0.903 £+ 0.015
Legacy Heat-treated 3.064 + 1.014 A 23.06 + 3.39 0.933 + 0.007
Olympia As-cast 1.94x 108 +2.66 x 10° A 33.88 + 8.46 0.874 +0.012
Olympia Heat-treated 7.611 + 4.811 A 37.28 + 4.36 0.915 £+ 0.007
0.09% NaCl solution

Freedom Plus As-cast 1.986 + 1.256 A 22.88 + 4.10 0.890 + 0.013
Freedom Plus Heat-treated 6.870 + 2.211 A 20.00 + 3.02 0.909 + 0.010
Liberty As-cast 15.964 + 7.808 A 18.54 + 2.51 0.907 + 0.009
Liberty Heat-treated 13.603 + 9.631 A 20.00 + 1.07 0.919 £ 0.005
Legacy As-cast 12.190 + 4.188 A 15.52 + 2.81 0.896 + 0.021
Legacy Heat-treated 5.706 + 6.049 A 26.92 + 11.76 0.884 + 0.051
Olympia As-cast 6.48 x 107 +9.66 x 10" B 33.16 + 8.64 0.864 + 0.026
Olympia Heat-treated N/A 50.98 + 26.18 0.871 + 0.064
Fusayama solution

Freedom Plus As-cast 0.214 + 0.192 A 13.46 + 1.93 0.917 £ 0.018
Freedom Plus Heat-treated 0.197 + 0.0714 A 13.28 + 1.12 0.907 + 0.014
Liberty As-cast 0.0311 4+ 0.148 A 18.76 + 10.97 0.888 + 0.042
Liberty Heat-treated 0.102 £+ 0.0452 A 14.24 + 1.75 0911 £ 0.012
Legacy As-cast 6.292 + 6.090 B 12.78 £ 0.73 0.928 + 0.013
Legacy Heat-treated 0.167 £+ 0.120 A 27.64 + 10.60 0.819 + 0.066
Olympia As-cast 0.140 + 0.0850 A 4276 + 27.48 0.836 + 0.046
Olympia Heat-treated 0.0285 + 0.00469 A 33.44 £+ 13.63 0.843 + 0.049
Deaerated NaCl solution (pH=4)

Freedom Plus Heat-treated 12.135 £+ 5.997 A 14.05 + 0.99 0.890 + 0.009
Liberty Heat-treated 32.636 + 38.120 A 15.58 £+ 3.05 0.891 £+ 0.010
Legacy Heat-treated 218.520 + 397.897 A 69.00 £+ 109.08 0.766 + 0.233
Olympia Heat-treated N/A 39.18 + 26.05 0.878 + 0.033
Deaerated Fusayama solution (pH =4)

Freedom Plus Heat-treated 5.174 + 0.639 A 9.71 + 0.40 0.900 + 0.009
Liberty Heat-treated 5428 +0.511 A 8.56 + 0.75 0.932 + 0.010
Legacy Heat-treated 1.713 + 1.855 A 12.28 + 1.57 0.910 + 0.016
Olympia Heat-treated  1.58 x 107 +3.53x 107 A 18.48 + 7.57 0.905 + 0.024

*Entries are mean + standard deviation (N = 5). For each electrolyte, mean values of R with different letters were significantly different, using the

REGW test (p=0.05).
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Figure 7 Comparison of values of corrosion resistance determined

from linear polarization (Rp) and EIS modeling (R;) for the high-
palladium alloys.

0.09% NaCl (pH =4) solutions, and by the high nobility
of this Au-Pd alloy.

Casting defects [41] produce inhomogeneous surfaces
that can affect the corrosion behavior of alloys. Porosity,
inclusions and carbon contamination in cast high-
palladium alloys have been described [42—44]. Hot
tears have also been found in castings of some high-
palladium alloys with dendritic microstructures [45],
although all the alloys used in the present study had
equiaxed, fine-grained microstructures. Another casting
defect that can occur in high-palladium alloys is
excessive carbon contamination, which arises from use
of a graphite crucible or a poorly adjusted torch [43];
however, only dedicated ceramic crucibles were used for
fusing the alloys in this study. Inclusions in the cast
alloys can originate from investment debris or from the
metallurgical polishing process. Scanning electron
microscope examination at moderate magnifications
(x 100) of the specimens used in this study revealed
surface defects, such as those described above, that
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would contribute to the observed electrochemical
activity of each alloy.

Microstructural effects might cause deviation from
ideal capacitive behavior in the corrosion of the high-
palladium alloys. Multiple phases at or near the surface
have been observed in high-palladium alloys [2,46], and
selective corrosion of different phases and/or less noble
metals has been found in palladium-based alloys [24, 26].
Tufekci et al. [47] investigated the elemental release
from two representative heat-treated high-palladium
alloys, Liberty (Pd—Cu—Ga) and Legacy (Pd—Ga), after
immersion in an aqueous lactic acid/NaCl solution for 7,
70 and 700 h. Pd, Cu, Ga, Sn, In and Ru were detected for
at least one immersion time, while the concentrations of
any Au and Ag released were below the detection limit at
any time period. For Liberty, palladium may be released
from dissolution of the Pd,Ga phase and the solid
solution matrix, based upon the ratio of the concentra-
tions of the released Pd and Ga. This selective corrosion
of different metallurgical phases in the heat-treated high-
palladium alloys would account for their non-ideal
electrochemical activity in the present experiments.

Palladium is a surface-active metal and is often used as
a catalyst [48,49]. Adsorption of oxygen or hydrogen
from the electrolytes and polymeric components from the
mucin in the Fusayama solution may occur for the high-
palladium alloys, and this would make the electroche-
mical interface inhomogeneous during the EIS testing.
Moreover, chloride ions, found in all electrolytes used in
this study, cause the oral environment to be quite
corrosive [11] and have a detrimental effect on the
surface of the high-palladium alloys [11, 50].

The ability to model all of the EIS spectra for the high-
palladium alloys in the five electrolytes to an R¢—
R-—CPE equivalent circuit can be attributed to their
high noble metal content (palladium and gold) and
possibly to their microstructures. Although there are
multiple phases in each alloy and heat treatment can
result in microstructural changes viewed in the scanning
electron microscope, the tweed structure was shown by
transmission electron microscopy (TEM) to be the
dominant structural constituent at the submicron level
in the high-palladium alloys for both the as-cast and heat-
treated conditions [51, 52]. It is plausible that this tweed
structure contributes to the similar corrosion behavior for
the high-palladium alloys that have been evaluated, but
further research is needed to verify this hypothesis.

4.2. Factors influencing the corrosion of
high-palladium alloys

The composition and microstructure (affected by
whether an appropriate post-casting heat treatment is
performed), and the electrolyte used for testing, can have
profound effects on the corrosion behavior of an alloy.
The Ry values for the three high-palladium alloys and
the gold-palladium alloy, Olympia, in the five electro-
lytes are provided in Table I. For all of the testing
conditions, only one specimen group for the three high-
palladium alloys (as-cast Legacy in the Fusayama
solution) and only one specimen group for the Olympia
alloy (as-cast, 0.09% NaCl solution) had significantly
different values for R-y. The reasons why these two
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specimen groups had significantly different in vitro
corrosion resistance remain to be established, although
unknown differences in surface structure would be a
plausible explanation. Other potentiostatic polarization
studies have also found great similarity in the corrosion
properties for different high-palladium alloys [6-8].

The effects of heat treatment on corrosion resistance
can be associated with the resulting microstructural
changes. However, in the present study, no significant
differences in R-; values were generally detected
between the as-cast and heat-treated conditions for all
four alloys in the five electrolytes (Table I), presumably
because of their high inherent corrosion resistance. (The
two exceptions were Olympia and Legacy in the as-cast
condition.) In particular, the corrosion resistance of the
high-palladium alloys in the deaerated 0.09% NaCl and
Fusayama solutions (both with pH=4) was not
significantly different from that in the 0.09% NaCl and
Fusayama solutions which had not been deaerated. From
these results, one would predict that, even in such
rigorous oral conditions as under dental plaque, the
corrosion resistance of these high-palladium alloys is not
significantly decreased. Consequently, these alloys
should and do have an excellent record of clinical
performance.

It is not surprising that all three high-palladium alloys
have similar corrosion characteristics in the present
study, since it was previously found [19] that composi-
tion, microstructure and heat treatment have only minor
effects on the corrosion behavior of these alloys. As
noted previously, the high palladium content in these
alloys and their very similar structure at the submicron
level [51,52] are presumed to be the origin of their
similar corrosion behavior. Sarkar and colleagues have
suggested that in vitro corrosion of the high-palladium
alloys yields a palladium-enriched surface [24,27-29].
This conclusion and the speculation by Nitta et al. [52]
that the tweed structure of the high-palladium alloys has
high stability and is resistant to corrosion attack require
further research for verification.

The mean R ; values for each alloy in Fusayama
solution are less than those in the 0.09% and 0.9% NaCl
solutions for the same condition (Table I). This is
consistent with the results from our complementary
potentiodynamic polarization study of these alloys [53].
Holland [12] studied the effects of different electrolytes
on the potentiodynamic polarization results obtained for
various dental alloys and found that an aqueous 1% NaCl
solution, which is very close to the 0.9% NaCl solution in
the present study, is more corrosive than the Fusayama
solution. This deviation from the results of the present
study is assumed to arise from the different alloy
compositions evaluated and differences between the
EIS and potentiodynamic polarization test methods.
Hence, care is required when comparing the corrosion
characteristics of dental alloys obtained with different
electrolytes and test methods.

4.3. Comparison of two methods to evaluate
corrosion resistance

The values of corrosion resistance (R.y) of the high-

palladium alloys determined from the EIS method



correlate well with values of polarization resistance (Rp)
obtained from linear polarization [53], when
Rer<2x10°Qcm? (Fig. 8). This good correlation
shows that EIS is a very useful method to characterize
the corrosion behavior of high-palladium and gold—
palladium dental alloys. EIS not only provides a value
(Rcy) for the corrosion resistance of the alloys, but also
yields information about the corrosion mechanisms.
Minor differences in the corrosion resistance values
can arise from experimental errors for the two methods or
from the modeling process. While the R¢—R~—CPE
model is not a perfect Randles-like model, the values of
Ry obtained from this modeling are certainly related to
the corrosion resistance of the materials. Since the use of
a CPE in the model means that the double layer between
the corroding metal surface and the electrolyte is not an
ideal capacitor [32], some other electrochemical pro-
cesses whose effects are included in the CPE may also
account for the interfacial activity. Fortunately, the P
values in the models are very close to 1, so that the
corrosion resistance from this equivalent circuit mod-
eling is still quite accurate.

The deviation of corrosion resistance from these
two methods becomes substantial when R > 2 X
10°Qcm?. This may arise from the extrapolation of
the EIS spectra to lower frequencies than those used
in the present study to obtain the R, values. The linear
polarization was performed in the range of + 20mV
around Ecorg [37], using a scanning rate of 0.125mV/
sec, so that the Rp values were obtained at a very low
frequency of 0.003125 Hz (quotient of 0.125 mV/sec and
40mV). For the frequency range used in the present
study, the in vitro corrosion of all of the alloys tested is
under capacitive process control [32] (Figs. 1-6), and
thus the R values obtained by extrapolation can cause a
large deviation between the R-r and Rp values,
especially when R.; is high. The correct R,y values
can only be obtained when much lower testing
frequencies are used than the lowest frequency of
0.01 Hz in the present study. However, it is difficult to
attain such low frequencies in the laboratory, and the
corrosion parameters might change during the long test
period. (For example, 5 min are required for one cycle at
0.003125 Hz.) In the present experiments, the Rp value
from linear polarization never exceeded 107 Qcm?,
whereas Ry values approaching 10°Qcm?  were
obtained (Fig. 7). The lower maximum values of Rp
from linear polarization measurements, compared to the
maximum values of R-r obtained from EIS modeling,
might be due to limitations of the equipment and
software for the linear polarization experiments, as well
as the appropriateness of the modeling used for the
complex corrosion processes in these noble dental alloys.

5. Conclusions

The corrosion resistances of three representative high-
palladium alloys evaluated by both EIS and linear
polarization methods are comparable to those of a
high-noble, gold—palladium alloy in simulated body
fluid and oral environments, and under simulated
plaque. This in vitro result is consistent with the excellent
clinical performance of the high-palladium alloys and the

gold—palladium alloy. The great similarity between the
three high-palladium alloys in corrosion behavior can be
attributed to their high palladium content and very
similar structures at the submicron level. Differences in
composition and microstructure of these high-palladium
alloys, including the effects of heat treatment, do not
have substantial effects on their in vitro corrosion.

The accuracy and convenience of extracting corrosion
characteristics from equivalent circuit modeling, along
with providing intrinsic information about the corrosion
mechanism, enable EIS to be a good alternative to
potentiodynamic methods for evaluating the corrosion
behavior of noble dental alloys. The intrinsic information
about the corrosion mechanisms obtained from EIS is
useful for improved understanding of the biocompat-
ibility of these alloys.
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