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Abstract

The electrochemical behaviour of alloys (Auso-Ag2s-Pdzs and Nisgs.Cri1.4) was studied in
Fusayama's artificial saliva at pH 6.5 and 37 °C by using open circuit potential, electro-
chemical impedance spectroscopy, and potentiodynamic polarization measurements.
Electrochemical impedance spectroscopy results were simulated with an equivalent
electrical circuit. After immersion in artificial saliva, surface characterization of samples
was done using scanning electron microscopy connected with energy-dispersive spectro-
scopy. All obtained results revealed that Auso-Ag2s-Pd>s alloy is much more resistive than
Nisss.Cri1.4 and can be recommended for the effective treatment of patients with dental
prosthetics that have metal frameworks.
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Introduction

In the history of dental alloys, precious and non-precious metals such as Au, Ni, Cr, Co, Ag, and
Pd have often been preferred because of their favorable mechanical as well as biological proper-
ties [1]. A special preference in research is reserved for gold (Au) alloys because of their high
mechanical effects, low corrosion rate, and superb biocompatibility [2]. Nevertheless, O'Brian and
German [3] suggested that the formation of a second phase would increase the corrosion rate of
Au-Ag-Cu ternary alloys. German et al. [4] suggested that nobility determines the corrosion
resistance of gold-based alloys, but alloying with Cu induces silver segregation, causing a lower
corrosion rate. Some researchers, however, have used non-precious dental alloys instead of gold
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alloys to reduce costs [5-8]. Ni—Cr alloys are also utilized as a substitute for noble dental alloys due
to their poor cost and low corrosion rate [9]. However, the biological material of Ni-based alloys in
a mouth environment causes several problems owing to allergic reactions to Ni ions. By adding
different elements, the microstructure of Ni-based alloys and their properties can be modified. Thus,
Cr is commonly used to form a barrier, such that microstructures containing a Cr-rich oxide layer
prevent the release of Ni ions from alloys. In general, Ni-Cr casting alloy shows a homogeneous
structure but low corrosion resistance. If a small amount of Be element is added to a Ni-based
casting alloy, the structure becomes non-homogenous, but corrosion resistance increases [10-12].
The corrosion resistance of Ni-Cr alloys depends on their composition and the formation of a passive
oxide film. Experimental studies revealed that alloys with 16 to 27 % Cr form a protective oxide film
on the surface and show a low corrosion rate [13]. Commonly, the purpose of the protective oxide
film is to act as an obstacle to the flow of electrons within the metal and the electrolyte [14].

The objective of this research is to compare the decomposition rate of precious Auso-Ag2s-Pds
alloy with that of non-precious Nigse-Cri1.4 alloy by using electrochemical tests and surface
characterization techniques to see their usefulness as dental alloys. Throughout the text, Auso-Agas-
Pdys alloy is referred to as SAAP, while Nigss-Cri1.4alloy as SNC.

Experimental

Specimens

The conventional arc-melting method was used to prepare the samples SAAP and SNC with the
inert atmosphere of pure argon (Ar). The alloys’ constituents were weighed and washed with alcohol
in an ultrasonic bath and dried in open air prior to the arc melting procedure. The alloy ingot
obtained after melting was re-melted 10 times to ensure the homogeneity of alloy components [15].
Samples were cropped into the circular form of diameter of 10 mm, thickness of 2 mm and the
exposed surface area was 0.79 cm?. Before electrochemical testing, the alloys were polished with a
carborundum sheet and then bathed with an ultrasonic bath for 10 min in acetone to remove
impurities from the surface. One side of both samples was soldered with a copper wire in order to
make an electrical connection with the potentiostat [16-18].

Test solution

Fusayama artificial saliva was selected as an electrolyte with the following composition:
0.35 g L' NaCl, 0.35 g L'1 KCI, 0.0906 g L' CaCl,-H,0, 0.70 g L'* NaH,P04-2H,0, 0.05 g L'! Na,S-9H,0
and 1.0 g L'! urea. These constituents were soluble in purified water, and the pH value was adjusted
up to 6.5 by using lactic acid [13,14,19].

Corrosion monitoring

Electrochemical tests were performed using a Gamry 3000 potentiostat and a three-electrode
setup. The alloy samples served as working electrode(s), while a standard calomel electrode (SCE) was
used as the reference electrode and a graphite rod as the counter electrode. Samples were stabilized
for 3600 s under open circuit conditions and open circuit potential (OCP) values were measured as a
function of time. Electrochemical impedance spectroscopy (EIS) was performed in the frequency
range of 100000 to 0.01 Hz with 5 mV sinusoidal voltage. The data were fitted by Gamry Echem analyst
software, version 5.30. The results of EIS are shown through Nyquist plots and Bode plots.

The potentiodynamic polarization curves were obtained by scanning the potential from -1to+1V
with respect to SCE at a scanning rate of 1 mV s, corrosion potential (Ecorr), corrosion current (icorr),
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anodic Tafel slope (f), and cathodic Tafel slope (f:) were determined by using extrapolation
method [20,21]. Corrosion current densities and corrosion rates were calculated from jcorr values.

Surface analysis

The surface analysis of testing samples was carried out through scanning electron microscopy
(SEM), linked with energy dispersive spectra (EDS) for the purpose of detecting different elements.
The protective oxide film formed on the surfaces of the sample was estimated by images obtained by
SEM [18].

Results and discussion

Open circuit potential (OCP)

In corrosion studies, OCP is a crucial parameter that determines the stability of alloy samples in
the electrolyte. The behaviour of the oxide film on the surface of the sample is directly related to
the variations observed in OCP. The OCP was measured as a function of time for both samples in
artificial saliva, and the results are presented in Figure 1 [13].
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Figure 1. Open circuit potential vs. time trends of SAAP and SNC samples in artificial saliva

The experimental results demonstrate a clear increasing trend in OCP values for both samples as
a function of time. However, Figure 1 shows that the stability time of the SNC sample was 600 s and
that of SAAP sample was 3600 s, suggesting the different behaviour of the two samples. The shift in
OCP values towards the positive side indicates the formation of a protective layer for both samples,
which is consistent with previous studies [13,16]. For the SAAP sample, the open circuit potential is
shifting to more positive values than for the SNC sample during the entire exposure time, which can
be explained by an oxide layer at the sample-electrolyte interface, which significantly protects the
sample against the aggressiveness of chloride ions from the electrolyte, and results by a low
tendency towards corrosion [22,23].

Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance spectroscopy was performed to investigate the corrosion
resistance of alloys in artificial saliva at 37 °C. The results of EIS were graphically described by Nyquist
and Bode plots shown in Figure 2. Nyquist plots (Zimag VS. Zreal) of SAAP and SNC samples shown in
Figure 2a have similar shapes, with semicircles covering almost all frequency scales. Since charge-
transfer resistance is related to the semicircle diameter, an increase in the radius of a semicircle
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suggests higher Rt and, thus, a more protective oxide film formed on a sample. Figure 2a shows that
SNC has a considerably smaller diameter than the SAAP sample, which suggests that the protection
of the oxide film formed on the SAAP sample is stronger than on the SNC sample [13,19].

Bode plots (log modulus |Z| and phase angle vs. log of frequency) give more details about the
capacitive, inductive, and resistive behaviors of samples at various ranges of frequencies. Bode
magnitude plots presented in Figure 2b show that at all frequencies, the SAAP sample possesses a
greater modulus of impedance than SNC, thus showing a better protective behaviour of oxide film.
Furthermore, it was observed that at the highest frequencies, log |Z| showed a zero-sloping line
characteristic for the electrolyte solution resistive response. At other frequencies, the impedance
modulus exhibited a near -1 sloping line, suggesting domination of capacitive impedance response
in the impedance spectrum. The corresponding Bode phase angle responses in Figure 2b show three
different features, i.e., 0° at the highest frequencies, then an increase to higher (negative) values,
attaining a maximum close to -68 and -52° for SAAP and SNC samples respectively, and decrease
back toward 0° in the low-frequency region.

Such Bode plots (Figure 2b) and single semicircle responses in the Nyquist plot (Figure 2a) are
typical for a corrosion process showing resistance R.: and double layer and/or oxide film capacitive
response. As stated above, higher semicircle diameter and higher impedance modulus values
observed for SAAP indicate that the SAAP sample has stronger corrosion resistance compared to the
SNC sample [24].
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Figure 2. EIS results for SAAP and SNC samples: (a) Nyquist plots; (b) Bode plots; (c) equivalent electrical
circuit (EEC) model
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The most suitable equivalent electrical circuit (EEC) for fitting EIS spectra of samples was the
Randles model shown in Figure 2c. In EEC, Rs is a solution resistance, R« is a charge transfer
resistance and CPE is a constant phase element ascribed to oxide film/double-layer capacity. The
double-layer capacitor (Cq)) was replaced in the Randles equivalent circuit with the constant phase
element (CPE) to ensure a more accurate fit. It was calculated by equation (1).

Cai = (Yo Ret*™)¥/" (1)

In the above equation, Yy is the magnitude of the constant phase element (CPE), and n is the
exponent, usually in the order of 0 to 1 and provides information regarding the roughness of the
surface of samples. If the value of nis -1, 0, and 1, the CPE represents an inductor, resistor, and
capacitor, respectively. In this study, n values are between 0.79 and 0.85. The decrease in the value
of Cqifor the SAAP sample compared to the SNC sample (Table 1) could be attributed to increasing
the thickness of the protective layer, which suggests a higher corrosion resistance.

EIS results are given in Table 1. A sample with a higher Rc: value exhibits a lower corrosion rate
because of the lower release rate of ions into the fluid. The Rt value of the SAAP sample was higher
than that of SNC because of the development of a more protective oxide film on its surface, which
shows a higher corrosion resistance [14,20,25-27].

Table 1. EIS parameters of samples SAAP and SNC

Sample Rt/ kQ cm? Rs/ Q cm? n Y./ 10° Qts"em? Cai/ WF cm 2
SAAP 229.8 314.8 0.785 1.26 8.29
SNC 145.7 129.9 0.84 3.78 12.77

Potentiodynamic polarization

The corrosion behavior of samples was investigated using potentiodynamic polarization curves
shown in Figure 3. By extrapolating method, the corrosion potential (Ecorr / V), corrosion current
density (jeorr / LA cm2), and the anodic/cathodic (43, f:/ V decade®) parameters might be calculated.
The corresponding corrosion rate was calculated using Equation 2 [28]. All calculated parameters
are given in Table 2.

CR = Ki (jcorr / p) EW (2)
where CR is corrosion rate in mm year?, Ki= 3.27x1073, p is density in g cm™3, and EW is the equivalent
weight of sample material.
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Figure 3. (a) Potentiodynamic polarization curve for SAAP and SNC samples, (b) corrosion rate
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A low value of jeorr represents the formation of a strong oxide layer on metallic surfaces that offers
a higher value of corrosion resistance by yielding a lower susceptibility to corrosion mechanisms. It
isseenin Table 2 that SNC possesses a higher value of jeorr Wwhich suggests a smaller value of corrosion
resistance by yielding a higher value of corrosion rate compared to the SAAP sample. In terms of
corrosion potential (Ecorr), @ more electropositive value shows that a more protective oxide layer has
developed on the surface of the sample and indicates a lower corrosion rate. Based on this standard,
the SAAP sample with a higher Ecor value shows a lower corrosion rate than SNC as shown in
Figure 3b [29].

Table 2. Potentiodynamic polarization parameters for SAAP and SNC samples

Sample jcorr/ HA cm™? Ecorr/ mV ﬁa/ mV dec? ﬂc/ mV dec? CR, mm yearl
SAAP 1.32 -190 321 412 0.034
SNC 2.82 -325 240 320 0.162

Surface characterization of corroded alloys

The surface morphology of both samples was studied by scanning electron microscope (SEM)
after performing corrosion testing in artificial saliva. Smaller pores and fewer dark areas could be
seen on the SAAP sample compared to SNC, indicating the development of a more protective oxide
film and stronger corrosion resistance. On the other hand, continuous propagation of pores and
breaking of the oxide film indicate a steady decrease in corrosion resistance. SEM micrographs in
Figure 4 reveal the minor-sized pores, major-sized pores, isolated pores, and correlated porous
structures. In our study, the average size of the major pores of the samples was measured through
Image J software and determined as 13 um and 60 um for SAAP and SNC alloys, respectively [30,31].

) 210 pm |5

Figure 4. SEM images at magnification of 100 000x of: (a) SAAP sample; b) SNC sample

Compositional analysis with EDS

EDS analysis was performed to reveal the chemical composition of the samples. The results
obtained are given in Table 3. The presence of oxygen on the surface of the investigated alloys leads
to the formation of a protective oxide layer, which protects the samples from corrosion attacks. In
the case of the SAAP sample, a protective oxide layer of Ag,O is formed, but in the case of SNC,
oxygen reacts with chromium to form a chromium oxide (Cr;03) layer. As shown in Figure 5, the
higher amount of oxygen content and the formation of oxides on the surface of the SAAP sample
offers strong corrosion resistance compared to SNC [32]. A high amount of carbon is present in the
composition of the sample SAAP, it may be coming from the solder wires.
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Table 3. Results of compositional analysis of sample surfaces by EDS

Content, at.%

Sample

0] Au Ag Pd C Ni Cr Total
SAAP 24.75 19.56 9.31 11.11 35.27 - - 100
SNC 12.62 - - - 76.26 11.12 100
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Figure 5. Histogram showing the amount of oxygen detected on the surface of SAAP and SNC samples

Conclusions

In this study, Nigs.6-Cri1.4and Auso-Agzs-Pdas samples were immersed in an artificial saliva solution
and the corrosion resistance was investigated by electrochemical techniques. The formation of a
protective oxide layer was examined by OCP, Tafel plots, and EIS spectra. The obtained results were
found complementary and in accordance with the results of SEM and EDXS analysis.

e OCP values for SAAP alloy were higher compared to SNC alloy, suggesting an increase in passive
oxide thickness.

e The electrochemical impedance spectroscopy showed that the R value was higher and Cq was
smaller for SAAP alloy as compared to SNC alloy.

e The polarization curves represented that the Ecor shifted to more noble values and the jeorr
decreased significantly for SAAP alloy as compared to SNC alloy.

e The scanning electron microscopy analysis showed that SAAP alloy has smaller pores (13 um of
average size) and a less dark area compared to SNC alloy (60 um of average size), indicating the
development of a more protective oxide film on the surface of SAAP alloy.

e The energy dispersive spectroscopy analysis reveals that alloy SAAP contains a higher amount of
oxygen as compared to alloy SNC, suggesting the development of a more protective oxide layer
on the surface of SAAP alloy.

e Alloy SAAP has better corrosion resistance compared to SNC alloy and can be recommended for
the favourable treatment of patients with dental prostheses.
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