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Abstract: In modern times, more and more different materials (including alloys) are in direct contact
with human electrolytes (sweat, saliva, lymph, blood, etc.). One of the most important properties
for the use of these materials is therefore their chemical inertness or resistance to corrosion when
they are in contact with human electrolytes. Consequently, during the development of such new
materials, it is necessary to study and understand their basic electrochemical behaviour in a given
environment. The purpose of this research was to monitor the electrochemical behaviour of the new
Au-Ge alloy in artificial sweat and artificial saliva solutions, depending on the electrolyte composition
and exposure time. This new alloy represents a potential material for use in dentistry or for jewellery.
The obtained results of the study show that the immersion time and the pH value have a significantly
greater influence on the corrosion resistance of the new Au-Ge alloy than the composition of the
electrolyte solution. The results of the SEM/EDX analysis additionally confirm the main results of
the electrochemical measurements.

Keywords: Au-Ge alloy; electrochemical properties; characterisation

1. Introduction

Nowadays, metals and alloys, apart from having significant and well-known applica-
tions as structural materials, increasingly find their role in our daily life as coins, zippers,
buttons, in the form of various fashion accessories (jewellery, piercings, eyeglass frames,
wrist watches, etc.), as a different type of orthopaedic and dental amalgam, implants, or
prostheses, etc. All the above bring metals and alloys into short- or long-term contact with
various physiological fluids (electrolytes), like sweat, saliva, lymph, blood, etc. Contacts
between alloys and different types of human electrolytes can lead to electrochemical re-
actions (electrochemical corrosion). These electrochemical reactions are very important,
because, on the one hand, they can change the metals’ (alloys) features, and they could also
have an impact on human tissue characteristics and properties [1,2]. Because of this, one
of the most important contacts for the usage of new materials is their chemical inertness
or corrosion resistance during contact with human electrolytes. Consequently, during the
development of new materials (alloys), it is essential to examine and understand their basic
electrochemical behaviour in the given environment.

For a long time, nickel-based alloys have been used widely for the above purposes, but
it is well known that nickel ions, which are formed through electrochemical corrosion under
the influence of human sweat, can cause a strong allergic reaction in a high percentage of the
population [3,4]. Consequently, many studies have been conducted so far with the aim of
achieving an economically affordable and sustainable alternative to the conventional nickel
alloy. Developing gold alloys for fashion accessories without nickel presents a challenge,
as nickel provides the strength and hardness of the resulting alloy and has favourable
casting characteristics for lost-wax casting, providing ease of flow and useful shrinkage
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during solidification, as well as good mechanical properties for rolling and machining
during production. It is also a whitening element, suitable for producing commercially
more interesting white gold products, which have increased in popularity on the jewellery
market in the last few decades. Alternatives for nickel include palladium, platinum, or
titanium, which increase the price of the alloy or the technological difficulty of production.

An alternative alloying element was found in Germanium during an attempt to
produce a gold alloy with characteristics suitable for production, such as with the case of
using nickel [5]. The design of the new Au-Ge alloy is aimed at achieving properties that
are important for use in dentistry as a carrier alloy for porcelain dental reconstructions,
and for use in jewellery for the production of a white Au pre-alloy. In both cases, the new
Au-Ge alloy will need to have good mechanical characteristics and high biocompatibility
with corrosion resistance. In jewellery, most manufacturers of white Au alloys use Ni as
a key element for the final colouring, and some also use Pd. In the case of using Ni, the
key issue is the release of nickel ions, which cause skin allergies, such as the Au-Ge alloy,
which is said to have high electrical and thermal conductivity and corrosion resistance
due to the Au content. Using Ge decreases the hardness, increases the flowability of the
alloy, decreases shrinkage during alloy casting, and is more economically favourable than
using other precious metals. This alloying element is a potentially appropriate component
in the conventional gold–copper–zinc alloys for established production techniques in
jewellery manufacturing companies. High amounts of germanium produce brittleness
and decrease hardness in gold alloys, which is not practical for mechanical treatment.
As such, a gold alloy containing a small amount of Ge, labelled as an Au-Ge alloy, was
produced to investigate its properties as a substitute for nickel. On the other hand, the
crucial information is that Ge compounds are relatively less toxic when compared to other
metalloids and metals [6]. Based on this, Ge is used for medical purposes as different
agents to repair bones with infected bone defects [7]. Ge is not cytotoxic at a low doping
level and is not carcinogenic [8], and even appears to inhibit inflammatory processes in
the effective clinical treatment for mastitis and other inflammatory diseases [9,10]. He
has been considered biocompatible, and, in the antimicrobial surface coatings, has been
recommended as a bio-implant material for the first time [11]. The aim of this research was
to investigate the electrochemical behaviour of one new Au-Ge alloy as potential jewellery
or dental materials in an artificial sweat and artificial saliva solution. Human sweat has a
complex composition (different types of electrolytes, organic acids, carbohydrates, amino
acids, etc.) [12,13], which varies greatly in the function of different physical, environmental,
and pharmacological conditions, such as age and sex, body weight, general body condition,
etc. Human saliva, like sweat, can vary a lot in its composition, also depending on the
age and gender of the patient, but oral hygiene and eating habits, such as the time of day,
often have an additional effect [14,15]. Because of that, different types of artificial saliva
are usually used in investigations [16]. The most used artificial saliva for the investigation
of the electrochemical properties of dental metals and alloys is a modified Fusayama’s
solution [17].

2. Materials and Methods

The Au-Ge alloy was produced with raw materials with a high purity as follows: Au
99.99%, Cu 99.99%, Zn 99.99%, Ge 99.99%, and Ir 99.99% (Legor Group S.p.A., Bressanvido,
Italy), with a proprietary final composition [5]. The casting of the alloy was performed in a
protective atmosphere of Ar 5.0 with a clay graphite crucible at 1100 ◦C. The casting was
performed with a rod with a diameter of 20 mm, which was then rolled through steps of
deformation into a square profile strip with a thickness of 1 mm by 10 mm width. The strip
was then cut into tiles with a length of 10 mm each. The final tiles, with the dimensions
10 × 10 × 1 mm, were used as samples for the artificial saliva and sweat solution testing.

The artificial sweat composition used was as follows: 20 g/L NaCl, 17.5 g/L, NH4Cl,
5 g/L acetic acid, and 15 g/L lactic acid. The artificial sweat solution pH value was adjusted
to 4.7 by NaOH [18,19].
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The used artificial saliva (modified Fusayama’s solution) composition was as follows:
0.400 g/L NaCl, 0.400 g/L KCl, 0.795 g/L CaCl2·2H2O, 0.690 g/L NaH2PO4·H2O, 0.005 g/L
Na2S·9H2O, and 1.000 g/L urea. The original pH of the solution was 4.81. In human saliva,
there is often a short-term decrease in the pH value that occurs during the intake of acidic
foods and drinks, as well as due to the secretion of stomach acid. In order to obtain information
about the effect of lowering the pH value on the electrochemical behaviour of the investigated
alloy, in addition to the original artificial saliva solution, research was also conducted on the
artificial saliva solution in which the pH was adjusted to 2.51 using lactic acid [14].

A three-electrode cell was used for the electrochemical measurements, with the Au-Ge
alloy as the working electrode, the saturated calomel electrode (SCE) as the reference electrode,
and the platinum as the counter electrode. The working electrode was constructed from an
Au-Ge alloy plate, with an exposed area of 0.5 cm2, embedded in an epoxy resin. The electrode
was wet polished with SiC papers (grit sizes of 800 and 1200), rinsed with acetone and double
distilled water, and then immersed into the electrolyte solution. A PC controlled VoltaLab
PGZ 301 (Radiometer Analytical SAS, Villeurbanne, France) was applied for electrochemical
measurements. The potentiodynamic measurements were performed after immersion times
of 1 h, 24 h, 72 h, and after 7 days at room temperature (approximately 25 ◦C). The potential
was scanned between OCP and −700 mV/SCE in the cathodic direction and back to the
anodic direction (+700 mV/SCE) at a scan rate of 1 mV/s.

The measurements of electrochemical impedance spectra (EIS) were also performed
after immersion times of 1 h, 24 h, 72 h, and after 7 days at the open-circuit potential, (OCP)
and at room temperature. The EIS measurements were carried out over a frequency range
of 0.01 Hz–10 kHz, using 10 mV amplitude of sinusoidal voltage.

An additional scanning electron microscopy/energy-dispersive X-ray spectrometry
(SEM/EDX) analysis was performed on the Au-Ge alloy samples after 24 h of immersion
time in artificial sweat and saliva in order to determine the potential changes of the alloying
elements on the surface of the alloy samples during the electrochemical measurements. The
SEM used was an FEI Sirion 400 NC (FEI Technologies Inc., Hillsboro, OR, USA), equipped
with an INCA 350 (Oxford Instruments, Oxfordshire, UK) microchemical spectrometer.

3. Results and Discussion
3.1. Artificial Sweat
3.1.1. Open-Circuit Potential Measurement—Artificial Sweat

Figure 1 shows the open-circuit potential (OCP) of the tested Au-Ge alloy as a function
of the immersion time in the artificial sweat solution.

Metals 2024, 14, x FOR PEER REVIEW 4 of 14 
 

 

 

Figure 1. Open-circuit potential value as a function of different immersion times. 

From Figure 1, it is evident that the open-circuit potential in all the investigated pe-

riods was very stable, and, during the given measurement (60 min), did not change sig-

nificantly. On the other hand, the increase in the immersion time (from one hour to 7 days) 

caused a significant shift in the open-circuit potential towards the anodic direction (Table 

1). The increases in the OCP values in the function of the immersion time and absence of 

potential drops associated with surface activation suggest that the natural corrosion prod-

ucts formed on the Au-Ge alloy surface are kinetically resistant to chemical dissolution 

[14,20], and can improve the Au-Ge alloy corrosion protection ability in an artificial sweat 

solution. 

Table 1. The corrosion parameters of the Au-Ge alloy at different immersion times in artificial sweat. 

Time EOCP (mV) Ecorr (mV) jcorr (µA/cm2) 

1 h −333 ± 10 −423 ± 5 9.42 ± 1.20 

24 h −307 ± 8 −404 ± 7 35.2 ± 2.10 

72 h −289 ± 4 −383 ± 4 17.4 ± 1.50 

7 days −230 ± 5 −325 ± 5 16.6 ± 1.80 

3.1.2. Potentiodynamic Measurements—Artificial Sweat 

The potentiodynamic polarisation curves of the tested Au-Ge alloy immersed at dif-

ferent times in the artificial sweat solution are shown in Figure 2. 

 

Figure 1. Open-circuit potential value as a function of different immersion times.

From Figure 1, it is evident that the open-circuit potential in all the investigated periods
was very stable, and, during the given measurement (60 min), did not change significantly.
On the other hand, the increase in the immersion time (from one hour to 7 days) caused a
significant shift in the open-circuit potential towards the anodic direction (Table 1). The
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increases in the OCP values in the function of the immersion time and absence of potential
drops associated with surface activation suggest that the natural corrosion products formed
on the Au-Ge alloy surface are kinetically resistant to chemical dissolution [14,20], and can
improve the Au-Ge alloy corrosion protection ability in an artificial sweat solution.

Table 1. The corrosion parameters of the Au-Ge alloy at different immersion times in artificial sweat.

Time EOCP (mV) Ecorr (mV) jcorr (µA/cm2)

1 h −333 ± 10 −423 ± 5 9.42 ± 1.20
24 h −307 ± 8 −404 ± 7 35.2 ± 2.10
72 h −289 ± 4 −383 ± 4 17.4 ± 1.50

7 days −230 ± 5 −325 ± 5 16.6 ± 1.80

3.1.2. Potentiodynamic Measurements—Artificial Sweat

The potentiodynamic polarisation curves of the tested Au-Ge alloy immersed at
different times in the artificial sweat solution are shown in Figure 2.
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Figure 2. Potentiodynamic polarisation curves of the Au-Ge alloy immersed in artificial sweat at
different periods.

The corrosion parameters, namely corrosion potential (Ecorr), and corrosion current
density (jcorr), are given in Table 1.

As can be seen from Figure 2 and from the data in Table 1, increasing the immersion
time also led to a shift in the corrosion potential in the anodic direction and to a significant
increase in the corrosion current density. This kind of behaviour suggests that the layer
formed on the alloy’s surface in the artificial sweat solution formed a kind of insulat-
ing barrier, but it was, nevertheless, permeable to ions’ N exchange, which is especially
pronounced during the electrode polarisation.

During all measurements, the passive current density can be registered in the anodic
part of the polarisation curve up to about 600 mV, when active dissolution started again.
The shape of the polarisation curves was the same in all cases; only the length of the Tafel’s,
mixed (active-diffusion control, slight passivation) and passive region, as well as the value
of the passive current density and breakdown potential, changed with the immersion time
(Table 2). The shortest passive region was registered after 7 days of immersion, and the
highest passive current density was registered after 24 h of immersion (Table 2). This
behaviour of the alloy in the artificial sweat solution may indicate that it takes time for the
Au-Ge surface to stabilise. On the other hand, the characteristics and protective properties
of the Au-Ge alloy surface change slightly over time.
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Table 2. The passivation parameters of the Au-Ge alloy at different immersion times in artificial sweat.

Time Tafel reg. (mV)
from Ecorr to

Mixed reg. (mV)
from Tafel reg. to

Passive reg. (mV)
from Mix. reg. to

jpass
(µA/cm2)

1 h −400 ± 25 +100 ± 25 530 ± 10 0.14 ± 0.07
24 h −360 ± 15 +200 ± 10 670 ± 5 0.80 ± 0.18
72 h −320 ± 20 +200 ± 20 700 ± 6 0.40 ± 0.20

7 days −200 ± 15 +450 ± 15 670 ± 8 0.70 ± 0.16

3.1.3. EIS Measurements—Artificial Sweat

The impedance spectra of the tested Au-Ge alloy in the artificial sweat solution at
different open-circuit potentials are presented as the Bode phase (Figure 3a) and Bode
magnitude (Figure 3b).
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The Bode phase plots (Figure 3a) show a deviation in the behaviour of the alloy after 1 h
of immersion and a similar behaviour after 24 h. After one hour of immersion in the Bode
phase plots, two time constants can be registered, in contrast to the later measurements
where only one time constant occurred (after 24 h). One of the time constants was at the low
intermediate frequency region (phase angle approaching 0◦), where the maximum phase
angle (66◦) was located at approximately 10 Hz. The second time constant was observed in
the high intermediate frequency region with a phase angle which was not approaching 0◦,
and the maximum phase angle was ~58◦ at approximately 300 Hz. This time constant, at
the intermediate frequency region, may correspond to the presence of the viscous film on
the alloy’s surface, and could be associated with the formation of a corrosion product on
the alloy’s surface [12,21,22].

During the immersion, after 24 h, a slight increase in the phase angle was registered,
but it did not change further as a function of time. A slight increase in the phase angle at the
beginning of the immersion time indicates that it takes time (approximately 24 h) to form
and stabilise the actual performance of the Au-Ge alloy surface toward the corrosion process.
The phase angle plots revealed only one peak for measurements after 24 h, indicating the
involvement of a single time constant that now exists in the system. The maximum phase
angles noticed in the range of approximately −70◦ to −80◦ in the low frequency range
(~5 Hz) are typically characteristic of capacitive behaviour, corresponding to the good
corrosion resistance of the materials [23], and are an indication of the presence of a layer on
the alloy’s surface [14,24,25].

The Bode magnitude (Figure 3b) showed that, in all the measurements in the low
frequency’s region, the high impedance values (log Z~4–5) for the tested alloys suggested a
good corrosion resistance. The lowest impedance value was registered for the immersion
time of 24 h. Furthermore, it should also be noted that, in the Bode absolute (Figure 3b)
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at high frequencies, for an immersion time of one hour, the modulus of impedance was
in a decreasing trend, in contrast to the more or less constant modulus of impedance for
other immersion times, which is characteristic behaviour based on the literature [26–28].
The non-constant behaviour of the constant modulus at high frequencies certainly confirms
that, after one hour in artificial sweat, the film formed on the Au-Ge alloy surface was still
rough and porous [23]. In other measurements (except after one hour), the slopes of Z as
a function of frequency were approximately −0.8. This means that the protective layer
formed on the alloy’s surface in the artificial sweat solution formed a kind of insulating
barrier, but it was still permeable to ions from the solution [12,29].

Based on the EIS data, it is possible to establish which equivalent circuit is suitable
for modelling the electrochemical behaviour of the tested Au-Ge alloy in artificial sweat
solutions. Because of the fact that in the impedance spectra (Figure 3a,b), a non-ideal
frequency response was evident, a constant phase element (Q) was used in the equiva-
lent circuit, which was then converted to the double layer capacitance using the usual
equation [12,23,30]. The obtained impedance spectra were fitted using the Rs (Rp Qdl)
circuits, except for the 1 h immersion time, where the Rs (Rp Qdl) (Rf Cf) model was used.
Table 3 gives the values of electrochemical parameters as follows: Rs (solution resistance),
Rp (polarisation resistance), Cdl (double layer capacitance), Rf (film resistance), Cf (film
capacitance), and n (constant phase exponent) obtained from the fitting of the EIS data.

Table 3. EIS parameters of the Au-Ge alloy at different immersion times in artificial sweat.

Time Rs
(Ohm/cm2)

Rp
(kOhm/cm2)

Cdl
(mF/cm2) n Rf

(kOhm/cm2)
Cf

(µF/cm2) χ2·10−3

1 h 15 ± 1.0 5.80 ± 0.02 1.05 ± 0.10 0.85 ± 0.005 2.0 ± 0.2 2.0 ± 0.02 2.20
24 h 5 ± 0.5 2.15 ± 0.03 3.67 ± 0.11 0.87 ± 0.001 - - 1.15
72 h 5 ± 0.5 4.53 ± 0.10 4.55 ± 0.21 0.84 ± 0.002 - - 2.82

7 days 5 ± 0.5 4.85 ± 0.08 4.45 ± 0.18 0.85 ± 0.002 - - 1.87

As already stated, the immersion time of 1 h differs in the behaviour when compared
to other times, and was described by a model with two time constants (Table 3). The second
time constant relates to the presence of a film or corrosion products on the alloy’s surface.
As can be seen from the results (Table 3) in periods from 24 h to 7 days, with the increase
in the immersion time, there was a slight increase in the polarisation resistance (Rp) and
the double layer capacitance (Cdl). The obtained results, as in the case of the polarisation
measurements, indicate that it takes time to stabilise the Au-Ge alloy’s surface and form
permanent properties. Between the immersion times of 72 h and 7 days, there was no
noticeable difference in the alloy behaviour.

3.2. Artificial Saliva
3.2.1. Open-Circuit Potential Measurement—Artificial Saliva

As in the case of the investigation with the artificial sweat solution, the open-circuit
potential was very stable during the tested period in the artificial saliva, and did not change
significantly during the given measurement (60 min). Increasing the immersion time (from
one hour to 7 days) caused a significant shift in the open-circuit potential, unlike the sweat
solution, towards the cathodic direction (Table 4). This kind of behaviour suggests that
the layer formed on the alloy’s surface blocked the active cathodic part, and therefore the
reduction reaction was shifted to a more negative potential range.
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Table 4. The corrosion parameters of the Au-Ge alloy at different immersion times in artificial saliva.

pH = 4.81 pH = 2.51

Time EOCP (mV) Ecorr (mV) jcorr (µA/cm2) EOCP (mV) Ecorr (mV) jcorr (µA/cm2)

1 h −24 ± 5 96 ± 10 0.30 ± 0.15 20 ± 8 112 ± 10 0.26 ± 0.10
24 h −50 ± 3 8 ± 5 0.15 ± 0.09 −362 ± 10 −361 ± 10 12.94 ± 1.85
72 h −268 ± 7 −247 ± 9 1.56 ± 0.50 −367 ± 7 −372 ± 7 14.09 ± 1.26

7 days −339 ± 4 −320 ± 4 1.95 ± 0.80 −376 ± 9 −388 ± 9 9.37 ± 0.98

3.2.2. Potentiodynamic Measurements—Artificial Saliva

The potentiodynamic polarisation curves of the tested Au-Ge alloy immersed in the
artificial saliva solution at pH 4.81 and 2.51 for different times are shown in Figures 4 and 5,
respectively. The corrosion parameters, namely the corrosion potential (Ecorr) and corrosion
current density (jcorr), are given in Table 4.
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As can be seen from Figures 4 and 5 and from the data shown in Table 4, increasing
the immersion time led to a shift in the corrosion potential in the cathodic direction and an
increase in the corrosion current density in both saliva solutions (pH = 4.81 and pH = 2.51).
The difference was that the balance was established much faster in the acidic solution.
Namely, after 24 h, no major changes in the corrosion potential were observed, while, in the
original saliva solution (pH = 4.81), it took longer. The corrosion potential in both solutions
after 7 days was not much different, but, in the acidic saliva solution, the corrosion current
density was significantly higher than in the original artificial saliva solution (Table 4).

As in the case of the artificial sweat solution, the expressed passive current density
was obtained in the anodic part of the polarisation curve. In all the measurements, after the
Tafel’s region, a passive region appeared up to the range of measurements we performed
(Table 5). In both saliva solutions, an increase in the passive current density was registered
when increasing the immersion time. In the acidic saliva solution, on the other hand, the
passive area started at a significantly more negative potential, but with a much higher
passive current density (Table 5).

Table 5. The passivation parameters of the Au-Ge alloy at different immersion times in artificial saliva.

pH = 4.81 pH = 2.51

Time Tafel reg. (mV)
from Ecorr to jpass (µA/cm2)

Tafel reg. (mV)
from Ecorr to jpass (µA/cm2)

1 h 230 ± 12 5.0 ± 2.0 370 ± 20 9.0 ± 1.8
24 h 280 ± 25 3.2 ± 1.8 −270 ± 18 1100 ± 50
72 h −100 ± 14 39 ± 7.0 −270 ± 16 1400 ± 75

7 days −220 ± 8 110 ± 2.0 −240 ± 10 250 ± 10

3.2.3. EIS Measurements—Artificial Saliva

The impedance spectra of the Au-Ge alloy measured at the open-circuit potential,
after immersion at different times in the artificial saliva solution at pH 4.81, are shown as
the Bode phase and Bode magnitude in Figures 6a and 6b, respectively, and at pH 2.51 in
Figures 7a and 7b, respectively. The impedance parameters are given in Table 6.
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From the data shown (Figures 6a and 7a), in both the tested saliva solutions, inde-
pendent of the immersion time, only one time constant appeared, and that was at the low
intermediate frequency region. In the original saliva solution (pH = 4.81), the highest value
of the phase angle, when compared to the acidic solution, was registered (Table 3). In the
original saliva solution, a slight shift in the phase maximum as a function of immersion
time can be registered towards higher frequencies, but the maximum value remained in
the intermediate frequency region (Figure 6a). As mentioned earlier, this frequency region
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(the intermediate frequency region) describes the capacitive behaviour corresponding to
the corrosion resistance of materials [23], and was an indication of the presence of a layer
on the alloy’s surface [14,24].
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Table 6. The impedance and phase value of the Au-Ge alloy at different immersion times in artificial saliva.

pH = 4.81 pH = 2.51

Time Log Z −phase Log Z −phase

1 h 5.2 72 4.7 63
24 h 5.2 70 4.0 62
72 h 4.2 64 3.1 48

7 days 4.0 62 3.0 46

The lower phase angle values indicated that the corrosion resistance of the tested alloy
decreased with the increasing immersion time, as well as a decrease in the pH values.

In the high frequency region, all the Bode magnitudes (Figures 6b and 7b) showed a
plateau when the phase angle approached 0◦, which is an indication of electrolyte resistance.

In the intermediate frequency region, the linear slope in log Z as a function of log (f)
was approximately −0.8 for the original saliva solution (pH = 4.81), with the phase angle
decreasing as a function of time from 72◦ to 62◦. In the case of the acidic saliva solution
(pH = 2.51), the linear slope was significantly lower, about −0.5, with an additional lower
phase angle that decreased as a function of time from 63◦ to 46◦. A slope of −0.5 and
phase angle of about 45◦ is characteristic of the system via diffusion control [12] (acidic
saliva solution after 72 h, Table 6). This kind of behaviour indicates that the corrosion
resistance of the tested alloy was not perfect in the artificial saliva, and that it decreased
further during the immersion time. In the acidic saliva solution (pH = 2.51), the decrease
was more pronounced.

In the low frequency region, in the case of all measurements, another plateau was
registered, with the phase angle approaching 0◦ (except for the immersion times of 1 h
and 24 h at pH = 4.81), which describes the charge transfer processes. The deviation of
the behaviour (immersion times of 1 and 24 h at pH = 4.81) may indicate the existence of
processes in the pores of the surface film [12]. Since this deviation disappeared with time, it
may be a sign that the time of 24 h was insufficient for the Au-Ge alloy surface to stabilise
and form permanent properties.

As in the case of the artificial sweat solution, the obtained impedance spectra in the
saliva solution were fitted using the Rs (RpQdl) circuits. The electrochemical parameters Rs,
Rp, Cdl, and n, obtained from the fitting of the EIS data, are given in Table 7.
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Table 7. EIS parameters of the Au-Ge alloy at different immersion times in artificial saliva.

pH = 4.81 pH = 2.51

Time Rs
(Ohm/cm2)

Rp

(kOhm/cm2)
Cdl

(mF/cm2) n χ2·10−3 Rs
(Ohm/cm2)

Rp

(kOhm/cm2)
Cdl

(mF/cm2) n χ2·103

1 h 5 ± 1 280 ± 0.2 0.43 ± 0.01 0.84 ± 0.002 5.2 5 ± 2 270 ± 0.4 1.10 ± 0.02 0.83 ± 0.001 1.1
24 h 5 ± 1 120 ± 1.0 0.37 ± 0.02 0.84 ± 0.001 2.5 80 ± 5 2.50 ± 0.1 1.24 ± 0.017 0.81 ± 0.001 4.3
72 h 15 ± 0.2 10.25 ± 0.5 0.24 ± 0.01 0.80 ± 0.003 1.8 80 ± 4 1.30 ± 0.08 2.37 ± 0.032 0.86 ± 0.001 5.9

7 days 15 ± 0.2 16.00 ± 0.4 0.11 ± 0.008 0.80 ± 0.001 2.2 80 ± 5 1.20 ± 0.15 2.51 ± 0.022 0.81 ± 0.002 2.1

For both saliva solutions, an increase in the immersion time led to a considerable
decrease in the polarisation resistance (Rp) of the tested Au-Ge alloy, which was much
more pronounced in the case of the acidic saliva solution (Table 7). The difference appeared
in the tendency to change the double layer capacitance (Cdl). Namely, in the case of the
original saliva (pH = 4.81), with increasing time, the value of Cdl decreased slightly. On the
other hand, increasing the time in the case of an acidic saliva solution caused an increase
in the value of Cdl, similar to the case of the sweat solution. This behaviour indicates
the possibility of a higher ion exchange in the double layer, due to which the corrosion
resistance of the alloy is reduced significantly in the acidic saliva solution when compared
to the original saliva solution.

3.3. SEM/EDX Analysis

The SEM/EDX analysis was performed on samples after 24 h of immersion in artificial
sweat and saliva to monitor the changes of the alloying elements on the surfaces of the
alloy samples during electrochemical measurements. The normalised values of the alloy
surface’s constituent elements are shown in Figure 8.
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Oxygen was detected with the EDX analysis, showing the oxidation of the sample
surfaces during electrochemical testing. The sample exposed to artificial sweat had a
somewhat lower Cu content and higher Au content as compared to the sample exposed to
the artificial saliva. In correlation with the EIS measurements, the difference in composition
on the alloy sample surface may correspond to the formation of the corrosion-resistant layer.
The less noble elements of Cu and Zn may have been dissociated into the acidic surrounding
medium more easily, while the Au remained on the sample surface. The corrosion products
formed on the alloy surface had a higher Au content, which was inherently more corrosion-
resistant, making the surface layer less susceptible to continued chemical dissolution. In
the artificial saliva solution, the metallic element dissociation took longer to form the final
film on the alloy’s surface, and the EDX analysis showed only a slightly altered Cu and Au
content from the initial chemical alloy composition.

The SEM images show several scratches and dark spots. The scratches are the result of
surface preparation before exposure to the artificial media, while the dark spots are mostly
contamination and impurities from handling the samples with artificial saliva and sweat.
Some dark spots are burrs and edges of the scratches, holes, or imperfections on the sample
surface. Examining the effects of exposure to the artificial media has shown that very little
corrosion damage was obtained on the sample surfaces.

4. Conclusions

The electrochemical behaviour of the Au-Ge alloy at different immersion times in
the artificial sweat and artificial saliva solutions (different pH values) was studied using
potentiodynamic polarisation measurements, electrochemical impedance spectroscopy, and
SEM/EDX analysis.

Artificial sweat solution:

- The obtained results showed that the polarisation curves of the tested alloy were
similar in all measurements, suggesting that the main corrosion mechanism was the
same, regardless of the immersion times. The difference in behaviour occurred only
in the length of the Tafel’s, mixed, and passive region, as well as in the value of the
passive current density.

- As a function of immersion time, a shift in EOCP and Ecorr towards the anodic direction
was also recorded, as well as an increase in the corrosion current density. This kind of
behaviour suggests that the layer formed on the alloy’s surface in the artificial sweat
solution formed a kind of insulating barrier, but it was, nevertheless, permeable to
ions’ exchange.

- The EIS measurements confirmed that, after one hour in the artificial sweat solution,
the Au-Ge alloy surface did not stabilise. Because of that, the immersion time of 1 h
differed in the behaviour when compared to the later period, and was described by a
model with two time constants in contrast to the later measurements, where only one
time constant occurred.

- The slight increase in the polarisation resistance and the double layer capacitance over
time also suggests that the layer formed on the alloy’s surface in the artificial sweat
solution behaved as a kind of insulating barrier, but it was still permeable to ions from
the solution.

Artificial saliva solution:

- The potentiodynamic polarisation measurement showed that, in both saliva solutions
during the immersion time, a shift in the EOCP and Ecorr towards the cathodic direction
was recorded, as well as an increase in the corrosion current density.

- After 7 days, the corrosion potential in both solutions was not much different, but,
in the acidic saliva solution, the corrosion current density was significantly higher
(higher corrosion rate) than in the original artificial saliva solution.

- Only one time constant appeared in the EIS measurements of both tested saliva
solutions, independent of the immersion time.
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- The results obtained at different immersion times showed that the corrosion resistance
of the tested alloy decreased as a function of time.

- The results also showed that, in the acidic saliva solution (pH = 2.51), the corrosion
rate of the studied alloy was higher, which was accompanied by a decrease in the
impedance (Z), phase angle, and polarisation resistance, and an increase in the double
layer capacitance over time when compared to the original saliva solution (pH = 4.81).

- The SEM/EDX analysis results are in good agreement with the results obtained
through the electrochemical measurements in the artificial sweat and the artificial
saliva solutions.
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