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Electrochemical impedance spectroscopy study of
high-palladium dental alloys. Part ll: Behavior at
active and passive potentials*
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Electrochemical impedance spectroscopic (EIS) analyses were performed on three high-
palladium alloys and a gold—-palladium alloy at active and passive potentials in five
electrolytes that simulated body fluid and oral environmental conditions. All four alloys were
previously found to have excellent corrosion resistance in these in vitro environments.
Before performing the EIS analyses, alloy specimens were subjected to a clinically relevant
heat treatment that simulated the firing cycles for a dental porcelain. It was found that the EIS
spectra varied with test potential and electrolyte. Diffusional effects, related to the dealloying
and subsequent surface enrichment in palladium of the high-palladium alloys, along with
species adsorption and passivation, were revealed at both active and passive potentials,

although these effects were more evident at the passive potentials.
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1. Introduction

In the first part of this study, electrochemical impedance
spectroscopic (EIS) analyses demonstrated that repre-
sentative high-palladium alloys, whether based on Pd-
Cu—Ga or Pd—Ga systems, had similar corrosion current
densities [1]. Additionally, the corrosion current den-
sities of the high-palladium alloys were comparable to
those of a gold—palladium alloy. Corrosion resistances
for all four tested alloys were high, and the best
interfacial circuit model was a modified Randles circuit,
in which a constant phase element replaced the capacitor.
The high nobility of these alloys was thought to be
responsible for their excellent in vitro corrosion
resistance. Moreover, palladium enrichment of the
high-palladium alloy surface, caused by selective deal-
loying of less noble constituents, is an established
mechanism that would yield a more noble surface with
time [2, 3].

Generally, EIS analyses are performed at the corrosion
potential of the alloy, but these studies can be performed
at other potentials to investigate processes that are not
evident at the open-circuit potential [4]. A separate study,
using these same alloys and potentiodynamic polariza-
tion tests [5], confirmed that the representative high-
palladium alloys possessed active—passive characteris-
tics, by examining the variation in corrosion current

density with applied potential. The objective of this study
was to use EIS techniques to investigate the same
representative high-palladium alloys and the gold—
palladium alloy at potentials anodic to their corrosion
potentials to identify any corrosion mechanisms not
revealed in the previous experiments. The rationale for
using these elevated potentials was based upon their
previously determined [1,5] very high corrosion resis-
tances. The alloys were tested in the clinically relevant
heat-treated condition that simulated the firing cycles
used for application of porcelain for metal-ceramic
restorations [6]. A previous study suggested that the in
vitro corrosion processes for the high-palladium alloys
do not seem to be affected by this heat treatment [7].

2. Materials and methods

As in Part I of this study [1], the electrochemical behavior
of three high-palladium alloys [the Pd—Cu-Ga alloys,
Freedom Plus and Liberty, and the Pd—Ga alloy, Legacy],
and the Au-Pd alloy, Olympia, was examined in five
electrolytes simulating body fluid and oral environmental
conditions: aqueous 0.09% and 0.9% NaCl solutions,
Fusayama solution, N,-deaerated aqueous 0.09% NaCl
solution (pH =4) and N,-deaerated Fusayama solution
(pH=4). All four alloys are manufactured by J. FE
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Jelenko & Co., Armonk, NY, USA. Test specimens of
12mm diameter and 1.3 mm original thickness were
prepared by standard dental laboratory procedures,
metallographically polished to 0.05pum final surface
roughness, and given a heat treatment that simulated the
firing cycles for a dental porcelain [1].

The EIS tests were performed on three specimens of
each heat-treated alloy after stepping the voltage to a
selected elevated potential, relative to the open-circuit
potential (OCP), based upon data previously collected
from cyclic polarization tests [5,8]. Two selected
potentials for EIS analysis were used for each alloy/
electrolyte combination, representing active (lower
potential) and passive (higher potential) corrosion
behavior. A 2.5cm X 2.5cm platinum plate served as
the counter electrode, and a saturated Ag|AgCl
reference electrode was used. After the current reached
quasi-steady state (about 10 min after the potential step),
a sinusoidal voltage varying from + 10 to — 10mV
about the selected potential was impressed upon the
specimen through the range of 10kHz to 0.01 Hz.

The current was collected and analyzed for magnitude
and phase compliance with the voltage, and the real (in-
phase) impedance (Z') and imaginary (90° out-of-phase)
impedance (Z") were determined at sampled frequencies.
The values of Z' and Z” at the sampled frequencies for the
various alloy/electrolyte combinations and the selected
elevated potentials were plotted as Nyquist diagrams,
where values of the imaginary and real impedances are
given on the vertical and horizontal axes, respectively
[1]. The total impedance (Z) is related to the real and
imaginary components of impedance by the expression
Z=1[Z)*+(2")"]"*. While the Nyquist diagrams
show the values of the two impedance components, it
is most useful to discuss the alloy behavior as the testing
frequency is varied. The mathematical relationship
between each impedance component (Z' and Z”) and
frequency is not straightforward. In the figures to follow
that present the experimental EIS results, the lower-
frequency range corresponds to the higher-impedance

range, and the higher-frequency range corresponds to the
lower-impedance range.

3. Results

Figs. 1-5 present Nyquist diagrams of the EIS spectra at
selected elevated potentials for the four heat-treated
alloys in the five electrolytes. In each electrolyte, the
individual spectra for the three specimens of the same
alloy were very similar. The EIS spectra of these alloys at
the open circuit potential have been discussed in Part I,
where it was noted that at the corrosion potentials the
Nyquist diagrams were truncated arcs [1].

At the lower potentials in the active range for the four
alloys in the five electrolytes, each diagram generally
consisted of an arc at high frequencies (low impedances),
coupled to a line at low frequencies (high impedances),
as shown in Figs. 1(A)-5(A). However, while this
appearance was observed in Fig. 1(A) for the Olympia
Au-Pd alloy at the active potential in 0.9% NaCl
solution, the Nyquist diagrams for the three high-
palladium alloys at their active potentials in this
electrolyte had a completely different appearance.
These three diagrams had similar and lower slopes
compared to the Olympia alloy in the highest-frequency
(lowest-impedance) range, and arcs curving towards the
vertical Z” axis at lower frequencies (higher impe-
dances). Distinctly different electrochemical responses
were observed in Fig. 1(A) at the lower frequency range
for each high-palladium alloy (Liberty, Legacy and
Freedom Plus).

At the passive, higher potentials investigated for the
four alloys in the five electrolytes, three general
observations could be made about the Nyquist diagrams
in Figs. 1(B)-5(B):

1. For alloys tested in 0.9% NaCl solutions, each
diagram consisted of an arc at high frequencies (low
impedances), a line at medium frequencies, and another
arc at low frequencies (high impedances), as shown in
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Figure 1 Nyquist plots for heat-treated alloys in 0.9% NaCl at elevated potentials vs. OCP: (A) Potentials representing active behavior: Olympia
200 mV; Liberty 450 mV; Legacy 400 mV; Freedom Plus 300 mV. (B) Potentials representing passive behavior: Olympia 500 mV; Liberty 700 mV;

Legacy 650 mV; Freedom Plus 650 mV.
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Figure 2 Nyquist plots for heat-treated alloys in 0.09% NaCl at elevated potentials vs. OCP: (A) Potentials representing active behavior: Olympia
300 mV; Liberty 300 mV; Legacy 300 mV; Freedom Plus 200 mV. (B) Potentials representing passive behavior: Olympia 550 mV; Liberty 550 mV;

Legacy 550 mV; Freedom Plus 600 mV.
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Figure 3 Nyquist plots for heat-treated alloys in Fusayama solution at elevated potentials vs. OCP: (A) Potentials representing active behavior:
Olympia 70 mV; Liberty 200mV; Legacy 200 mV; Freedom Plus 200 mV. (B) Potentials representing passive behavior: Olympia 550 mV; Liberty

500mV; Legacy 600 mV; Freedom Plus 800 mV.

Fig. 1(B). For the Olympia alloy in this electrolyte, the
low-frequency arc strongly curved toward the horizontal
7' axis, whereas the low-frequency arc for the Liberty
high-palladium alloy first curved toward and then away
from the Z' axis.

2. For alloys tested in 0.09% NaCl solutions, whether
aerated or deaerated, each diagram commonly consisted
of a simple arc at higher frequencies (lower impedances),
followed by a straight line at lower frequencies (higher
impedances), as shown in Figs. 2(B) and 4(B). For the
Freedom Plus alloy in 0.09% NacCl solution, this linear
portion of the diagram at lower frequencies (higher
impedances) curved toward the horizontal Z' axis, as
shown in Fig. 2(B), unlike the electrochemical responses
of the other three alloys. In deaerated 0.09% NaCl
solution, the diagram for the Olympia alloy at low

frequencies (high impedances) had a very different
appearance from that for the other three alloys, consisting
of an arc that curved strongly towards and becoming
essentially tangent to the horizontal Z' axis, as shown in
Fig. 4(B).

3. For alloys tested in the Fusayama solutions,
whether aerated or deaerated, each diagram consisted
of an arc at high frequencies coupled to a line at low
frequencies, as shown in Figs. 3(B) and 5(B). The
diagrams for the Olympia, Freedom Plus and Legacy
alloys were nearly coincident in the aerated Fusayama
solution and widely separated from the diagram for
Liberty, as shown in Fig. 3(B). Fig. 5(B) shows that,
while the electrochemical responses for the four alloys
were nearly the same in deaerated Fusayama solution at
high frequencies (low impedances), there was consider-
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Figure 4 Nyquist plots for heat-treated alloys in deaerated 0.09% NaCl solution at elevated potentials vs. OCP: (A) Potentials representing active
behavior: Olympia 300 mV; Liberty 150 mV; Legacy 200 mV; Freedom Plus 200 mV. (B) Potentials representing passive behavior: Olympia 550 mV;

Liberty 550mV; Legacy 550 mV; Freedom Plus 600 mV.
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Figure 5 Nyquist plots for heat-treated alloys in deaerated Fusayama solution at elevated potentials vs. OCP: (A) Potentials representing active
behavior: Olympia 300 mV; Liberty 300 mV; Legacy 200 mV; Freedom Plus 200 mV. (B) Potentials representing passive behavior: Olympia 550 mV;

Liberty 550mV; Legacy 600 mV; Freedom Plus 550 mV.

able scatter in the diagrams for the Olympia and Freedom
Plus alloys at low frequencies (high impedances). The
electrochemical behavior of Legacy in this electrolyte,
where the Nyquist diagram was nearly a straight-line
segment for all frequencies, was distinctly different from
that for the other three alloys at low frequencies (high
impedances).

4. Discussion

The EIS spectra for the four alloys in Figs. 1-5 are
derived from responses to specific electrochemical
mechanisms at the selected potentials that govern
corrosion in the given electrolytes [1]. These include
both Faradaic processes (involving transfer of charge),
such as metal ionization and formation of passive films,
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and non-Faradaic processes (involving no transfer of
charge), such as adsorption of species, reorientation of
surface molecules, and diffusion effects. The study of
electrochemical phenomena at the elevated potentials
used in this investigation is highly relevant to corrosion
processes in the oral environment, where the potential
range of interest has been reported [9] to be from — 100
to +300mV (vs. SCE).

The initial portions (which are nearest the origin) of
the diagrams in Figs. 1-5 show that the high-frequency
(low-impedance) electrochemical responses of the three
high-palladium alloys and the gold—palladium alloy are
very similar in each of the five electrolytes at elevated
potentials relative to their open-circuit potentials.
Differences in the electrochemical responses of the
four alloys at the elevated potentials become apparent at



lower frequencies (higher impedances). This result is to
be expected, since there is insufficient time available at
lower frequencies for electrochemical processes such as
diffusion and oxide dissolution, that have substantial
time-dependence, as discussed later. Such processes
would be expected to differ among the four alloys
evaluated, which have varying elemental compositions.
In contrast, the electrochemical process occurring at the
high-frequency (low-impedance) range in Figs. 1-5
would be from electron transport and not associated
with diffusional processes.

Because the thermal oxidation behavior is consider-
ably different for the Liberty and Legacy high-palladium
alloys [10], it would be expected that substantial
differences would occur in the electrochemical oxidation
behavior of all four alloys investigated in this study.
These differences would be particularly apparent at the
elevated potentials in the passive range in Figs. 1(B)—
5(B), where formation of surface oxide films occurs.

Fig. 1(B) suggests that, because of the higher
impedance response of Legacy and Freedom Plus in
the 0.9% NacCl solution at low frequencies, the passive
oxide film on these alloys may be thicker and perhaps
more continuous than the passive oxide films on the
Liberty and Olympia alloys in this electrolyte. The low-
frequency response in Fig. 4(B) for Olympia in the Nj,-
deaerated 0.09% NaCl solution also suggests that the
passive oxide film is not as protective in this electrolyte,
due to perhaps lower thickness or less continuity,
compared to the passive oxide films on the three high-
palladium alloys. Detailed study of the composition,
thickness and continuity of the oxide films that form in
the five electrolytes at the passive and active potentials
will require the combined use of techniques such as
atomic force microscopy, scanning tunneling micro-
scopy, Auger electron spectroscopy, X-ray photoelectron
spectroscopy, ellipsometry, and transmission electron
microscopy.

The general similarity among the Nyquist plots at high
frequencies (low impedances) for the four alloys in Figs.
1-5 suggests that the primary mechanism for corrosion
protection is their high-noble character and that
differences in the alloy microstructures have secondary
roles. (The nobility of these alloys is based upon the sum
of their gold and palladium contents.) The three high-
palladium alloys contain greater than 75 wt % palladium
and 2wt% gold [11,12], and both the Liberty and
Legacy alloys have a unique submicron tweed structure
observed by transmission electron microscopy (TEM)
[13, 14]. A similar tweed structure would be expected in
the Freedom Plus high-palladium alloy. This submicron
structure is found in both the as-cast and simulated
porcelain-firing heat-treated conditions of the high-
palladium alloys [13], and is thought to be very stable
and possibly resistant to corrosion [14]. In contrast, the
higher-nobility alloy, Olympia, which contains approxi-
mately 52% gold and 38% palladium, has a very different
microstructure [15] compared to the high-palladium
alloys; TEM observations have shown that this alloy does
not contain a tweed structure [16].

Investigation at potentials anodic to the corrosion
potential has provided some insight into possible
mechanisms that govern the corrosion properties of

these alloys. The linear portion of the Nyquist diagram at
low frequencies is often referred to as a diffusion tail
[17, 18], and this feature can be seen in Figs. 1-5 for both
active and passive potentials. Dealloying has been
proposed as one of the major corrosion mechanisms of
the high palladium alloys [2, 3]. The less-noble elements,
such as copper, gallium, tin and indium, are depleted
from the alloy surface, leading to palladium-enrichment.
The corrosion kinetics for this process would be under
diffusion control, as metal atoms migrate through the
enriched palladium surface.

In the passive region, an oxide film forms on the alloy
surface, which blocks further corrosion. Adsorption of
species in solution, such as hydrogen ions, proteins, and
oxygen ions, is known to occur with palladium;
palladium is often used as a catalytic surface for
chemical reactions, including protein hydrogenation
[19-22]. Mucin is a component of the Fusayama solution
[23], and two of the electrolytes used in this study had pH
values of 4, indicating that the hydrogen ion concentra-
tion was 10~*M, which would be very acidic for a
biological environment. Adsorption of these species
would be diffusion-controled and, once adsorbed onto
the palladium surface, these species would inhibit the
release of metallic ions into the corrosion medium. The
effects of diffusion control seemed to be more
pronounced for the alloys at their passive potential,
rather than at their active potential, as previously noted.
Detailed investigation of these surface phenomena
during corrosion of the high-palladium alloys requires
the use of Auger electron spectroscopy and X-ray
photoelectron spectroscopy.

Ferrous alloys, such as mild steel, and nonferrous
metals, such as copper, are usually investigated at their
corrosion potentials with EIS techniques [24,25].
However, their corrosion resistances are significantly
lower than the noble alloys tested in the present study.
Since the corrosion potential is a measure of the
electrochemical free energy of the alloy to corrode in
its environment [26], a small perturbation in voltage at
the corrosion potential of these noble alloys during EIS
analysis would provide little information about the
corrosion control processes. However, when a higher
impressed potential is used as the starting condition for
the EIS analysis, the small ripple in potential produces
significantly stronger data. These impressed potentials
cause reactions of interest to occur and contribute to the
impedance characteristics of the system, which can then
be measured and identified.

5. Conclusions

Variations in the electrochemical impedance of three
representative high-palladium alloys and a gold—palla-
dium alloy were found with respect to both the potential
and the electrolyte used for EIS analyses. These alloys
had been subjected to clinically relevant heat treatment
simulating the complete firing cycles for dental porce-
lain. In addition to corrosion control by their innate
nobility, the potentially stable tweed structure and the
formation of a passivating film on the alloy surface,
diffusion control may play an important role in corrosion
properties of the high-palladium alloys. Based upon the
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results from other studies, this diffusion control may be
related to the early loss of less-noble elements, which
yields a palladium-enriched surface that is more
corrosion-resistant than the original alloy surface
condition. The present results suggest that high-palla-
dium alloys have corrosion properties at least equivalent
to those of the gold—palladium alloy evaluated, and they
should be expected to provide excellent -clinical
performance.
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