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Abstract

This study investigates the effect of copper (Cu) and silver (Ag) additions on the electro-
chemical behavior of the Fe40Al intermetallic alloy in artificial saliva, aiming to evaluate its
potential for biomedical applications such as dental implants. Alloys with varying concen-
trations of Ag (0.5, 1.0, and 3.0 wt%) and Cu (1.0, 3.0, and 5.0 wt%) were synthesized and
exposed to a biomimetic electrolyte simulating oral conditions. Electrochemical techniques,
including open circuit potential (OCP), linear polarization resistance (LPR), potentiody-
namic polarization, and electrochemical impedance spectroscopy (EIS), were employed
to assess corrosion performance. Results show that unmodified Fe40Al exhibits good cor-
rosion resistance, attributed to the formation of a stable passive oxide layer. The addition
of Cu, particularly at 3.0 wt%, significantly improved corrosion resistance, yielding lower
corrosion current densities and higher polarization resistance and charge transfer resistance
values, surpassing even 316L stainless steel in some metrics. Conversely, Ag additions
led to a degradation of corrosion resistance, especially at 3.0 wt%, due to microstructural
changes and the formation of metallic Ag precipitates, AgSCN, and galvanic cells, which
promoted localized corrosion. EIS results revealed that Cu- and Ag-modified alloys de-
veloped less homogeneous and less protective passive layers over time, as indicated by
increased double-layer capacitance (Cdl) and reduced constant phase element exponent
(ndl) values. Overall, the Fe40Al alloy shows intrinsic corrosion resistance in simulated
physiological environments, and Cu additions can enhance this performance under con-
trolled conditions. However, Ag additions negatively affect the protective behavior of the
passive layer. These findings offer critical insight into the design of Fe-Al-based biomateri-
als for dental or biomedical applications where corrosion resistance and electrochemical
stability are paramount.
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1. Introduction
When metallic odontology implants are exposed to biomimetic human body fluids,

then these kinds of materials are prone to degradation, since the human biologic envi-
ronment is very corrosive due to the presence of chlorides and proteins. The surface of
some dental alloys is oxidized when they are in contact with the surrounding media; this
promotes the formation of a thin oxide layer onto the alloy surface, which protects the
metal against a corrosive environment. Corrosion behavior is dependent on properties of
this thin oxide layer. Generally, metallic materials are not easily affected by corrosion when
the protective layer on their surface remains intact, but when the breakdown potential of
an alloy is surpassed, then the oxide film dissolves, and the onset of uniform or pitting
corrosion begins [1]. A variety of chemical and electrochemical reactions are developed in
the substrate and induce oxidation of some constituents of the alloy to produce ions, and
the oxygen present in the surroundings is reduced to hydroxide ions.

Corrosion behavior of biomedical metals is usually evaluated in biomimetic physiolog-
ical solutions that simulate human body fluid. Generally, the synthetic solutions are formed
by a mixture of salts that are like those contained in a real human body environment [2].
In the oral cavity, corrosion performance depends upon some properties of the biological
solution, such as pH variation, temperature changes, chemical composition, stress, humid-
ity grade, and microorganisms, among other factors [3]. These interactions between host
tissue and external implants play an important role in the long-term stability and useful
life cycle of dental materials.

Protection against corrosion of these alloys is influenced by alloying elements, the
passive film formed onto the alloy surface, structural change in the protective scale, or ionic
and electric conductivity variations of the film. NiTi compound is one of the intermetallic
alloys that have been used for dental implant applications. Research conducted has reported
that the formation of a passive TiO2 layer formed onto the NiTi surface is responsible for
the good corrosion resistance of this intermetallic compound. In this kind of intermetallic
compound, the Ni is not strongly bonded within the crystal structure of the alloy, and the
release of this element to the oral cavity can contribute to the beginning of hypersensitivity
reactions [4,5].

Also, the corrosion behavior of Ni-Al-Fe intermetallic alloy has been studied in a syn-
thetic human body fluid environment (Hank’s solution). This research exhibited that these
alloys presented similar or higher corrosion resistance than conventional 316L stainless
steel, and their corrosion resistance decreased as the Al content in the alloy increased [6].
Arrieta-Gonzalez et al. [7] studied the influence of Ni additions in Fe3Al intermetallic
alloys on their corrosion behavior when exposed to Hank’s solution. Their results showed
that 316L stainless steel and Ti exhibited higher corrosion resistance in chloride-rich en-
vironments. However, Fe3Al showed higher susceptibility to pitting corrosion than 316L
stainless steel and Ti. Furthermore, they observed that the addition of metallic Ni improves
the corrosion resistance of the Fe3Al intermetallic. Similar studies performed with the
Fe40Al intermetallic [8] showed that the addition of a third element (Ti or Ni) substantially
improves its corrosion resistance, achieving corrosion current densities similar to those
observed for pure Ti. This behavior has been associated with the formation of an Al-based
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passive layer, which has been modified with the incorporation of the oxides of the third
metallic alloy element (TiO2, NiO) [8,9].

Intermetallic alloys such as Fe40Al exhibit corrosion mechanisms that differ signif-
icantly from those of conventional metallic alloys due to their unique ordered crystal
structures and strong covalent–metallic bonding. The corrosion resistance of Fe-Al inter-
metallics is primarily governed by the formation of a stable and adherent aluminum-rich
passive film, predominantly composed of Al2O3. This oxide layer serves as a diffusion
barrier to aggressive ions, especially chlorides, which are prevalent in biological environ-
ments. Electrochemical behavior is influenced by the selective dissolution of the less noble
constituent (typically Fe), while Al tends to remain in the passive layer or form protective
oxides. In chloride-containing environments, pitting corrosion can occur if the passive
film is locally damaged or penetrated, leading to localized acidification and autocatalytic
dissolution processes. Furthermore, the low solubility of Al2O3 and its tendency to self-heal
confer significant passivity to the surface, though the presence of secondary phases or grain
boundary segregation can locally compromise passivity. The addition of third elements
(e.g., Cu or Ag) can alter the electronic properties of the passive film and modify anodic
and cathodic reaction kinetics, thus influencing the alloy’s susceptibility to uniform or
localized corrosion.

From a medical point of view, other types of properties that dental materials must
meet are those related to antimicrobial effects. In this sense, silver compounds and Ag
nanoparticles (AgNP) have been considered candidate materials for dental applications
such as dental implants and dental restorative material. Ag has been reported to interact
with the sulfhydryl groups of proteins and with DNA and affect cell wall synthesis and cell
division [10,11]. From a macro-level perspective, these interactions kill bacteria [12].

Various studies have considered metallic particles such as silver and copper as a
new generation of antimicrobial agents for biomedical applications [13,14]. Both metallic
elements have shown good efficacy as antimicrobials in a wide variety of pathogens [15];
however, the bactericidal performance of Cu can be achieved at a lower cost than with
Ag [16].

Due to the outstanding corrosion performance that Fe-Al intermetallic alloys have
shown, it is relevant to assess their performance in artificial biomimetic fluids to know
if these alloys can be applied as possible biomaterials. Therefore, the objective of this
research is to carry out an evaluation of the electrochemical behavior of the modified
Fe40Al intermetallic alloy with the addition of different concentrations of Ag and Cu,
considering the antimicrobial properties of both elements. The electrochemical techniques
applied were polarization curves and measurements of open circuit potential, polarization
resistance, and electrochemical impedance in artificial saliva.

2. Materials and Methods
2.1. Materials

Cast alloys of Fe40Al-X (X = 0.5, 1.0, and 3.0 Ag, and 1.0, 3.0, and 5.0 Cu, weight%)
alloys were produced by using an induction furnace at about 1600 ◦C in air. High-purity
(99.9%) Fe, Al, Ag, and Cu were put inside a SiC crucible to be induction melted. After
melting, the Fe40Al-X alloys were poured into a rectangular parallelepiped steel mold, and
then the alloys experienced the solidification process during cooling until room temperature
was attained. Ingots produced in this manner exhibit a coarse-grained microstructure, as
has been reported in previous publications [8].
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2.2. Artificial Saliva

Fe40Al-X alloys were exposed to the biomimetic electrolyte; In this case, the artificial
saliva solution was used as the corrosion environment. The chemical composition of
artificial saliva is that reported by G.S. Duffó and E. Quezada Castillo [17], NaCl (0.600 g/L),
KCl (0.720 g/L), KH2PO4 (0.680 g/L), Na2HPO4·12H2O (0.856 g/L), KSCN (0.060 g/L),
CaCl2·2H2O (0.220 g/L), KHCO3 (1.500 g/L) and Citric acid (0.030 g/L). The tests were
carried out at a temperature of 37 ◦C.

2.3. Electrochemical Corrosion Tests

Electrochemical corrosion tests were developed by using an ACM Instruments
zero-resistance ammeter (Zero Resistance Ammeter, ACM Instruments, Cartmel, UK))
coupled to a personal computer. The electrochemical cell used was a three-electrode type,
where the reference electrode (RE) was a saturated calomel electrode (SCE), the counter
electrode (CE) a Pt wire, and Fe40Al-X alloys were used as the working electrodes (WE).
The working electrodes consisted of metallic samples with dimensions of 10 × 5 × 3 mm
encapsulated in epoxy resin. Prior to encapsulation, a copper wire was spot-welded to the
metallic samples, which served as the conductive wire to obtain the electrochemical signal
from the reaction surface. The encapsulated samples were subjected to a surface preparation
process by roughing their surface with abrasive paper up to 600-grade sandpaper. Then,
the surface was washed with distilled water and ethyl alcohol and subsequently dried with
a hot air stream. Corrosion performance of the alloys was assessed by potentiodynamic
polarization from −400 mV to 900 mV with respect to Ecorr, and the polarization scans
were developed at a rate of 1 mV/s. Prior to the electrochemical evaluation, the prepared
specimens were left to stabilize for 20 min. Electrochemical corrosion parameters (icorr,
Tafel slopes, Ecorr) were determined by using the extrapolation Tafel method from ±250 mV
around the rest potential (Ecorr). To obtain the LPR data, the specimens were polarized at
±10 mV with respect to the Ecorr at a scan rate of 10 mV/min during 24 h. Open circuit
potential (OCP) variation was measured and recorded also during 24 h. The impedance
spectra derived from the electrochemical impedance spectroscopy (EIS) tests were recorded
at the rest potential (OCP). These tests were carried out in the frequency range of 0.01 Hz
to 100,000 Hz with a perturbation of ±10 mV.

3. Results and Discussion
3.1. Polarization Curves

Figure 1 displays the potentiodynamic polarization curves of the Fe40Al-XAg alloys
in contact with the synthetic saliva electrolyte. It can be observed from this graph that
the Fe40Al base alloy exhibits a more active corrosion potential than 316L stainless steel.
316L stainless steel presents the most pronounced passivation process, which prevails
within the potential interval from about −300 to 300 mV. Also, the addition of Ag shifted
the Ecorr values of the Fe40Al base alloy towards nobler values. However, the Ecorr of
Fe40Al-XAg alloys was more active than that of 316L steel. Also, the intervals of potential
that delimited the passivation field of Fe40Al-XAg alloys were much lower than those
of 316L steel. Table 1 shows that the Fe40Al base alloy exhibits a higher icorr than 316L
stainless steel. Also, an addition of 0.5% Ag induced a decrease of icorr; however, when 3%
of this element was added, the corrosion rate of binary iron aluminide was increased. It is
worth noticing that the icorr value of Fe40Al-0.5Ag resulted in something similar to those
of Fe40Al-3Cr, Fe40Al-3Co, and Fe40Al-3Ni assessed in previous work under the same
experimental conditions [8]. Regarding the addition of Ag, Figure 1 shows that alloys with
an Ag content up to 1% exhibited active–passive behavior. These alloys showed a tendency
toward passivation upon application of a potential increase relative to their corrosion
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potential. During the passivation process, an increase in the slope of the i-E relationship is
observed, indicating a decrease in current density. In the passive region, further increases
in potential have little effect on the current until the passivity breaks down. However, the
alloy with the addition of 3% Ag showed predominantly active behavior.

Figure 1. Potentiodynamic polarization curves of Fe40Al-XAg alloys exposed to artificial saliva.

Table 1. Electrochemical parameters of the Fe40Al-X-based alloys evaluated in artificial saliva.

Material Ecorr
(mV)

Ba
(mV/Dec)

Bc
(mV/Dec)

icorr
(µA/cm2)

Ipass
(µA/cm2)

Epass
(mV)

Ipit
(µA/cm2)

Epit
(mV)

Fe40Al −529 197 181 3.00 15 −386 21 −324
Fe40Al-0.5Ag −473 412 279 1.55 19 −406 3.3 −340
Fe40Al-1.0Ag −437 561 194 3.04 33 −373 8.4 −210
Fe40Al-3.0Ag −510 112 295 32.07 --- --- --- ---
Fe40Al-1.0Cu −470 421 148 1.11 2.2 −350 3.2 38
Fe40Al-3.0Cu −615 338 222 0.93 2.0 −500 4.4 −180
Fe40Al-5.0Cu −568 412 257 1.60 2.1 −500 9.3 −23

316L −390 233 106 1.04 2.2 −309 3.0 266

It is worth noticing that additions of Cu promoted a decrease of corrosion current
density, icorr, on the binary aluminide alloy (Figure 2). Also, additions of 3.0 and 5.0%
of Cu to Fe40Al turned its corrosion potential more active. Also, Table 1 shows that the
Fe40Al-3.0Cu alloy presented the lowest icorr, even lower compared with the corrosion
current density of 316L stainless steel. In general terms, the ternary alloys modified with
copper displayed the most pronounced passivation process, which prevailed from intervals
of potential from about 300 mV to 500 mV. One of the alloys that exhibits the higher
Ecorr and the minor icorr is Fe40Al-1.0Cu; this observation could be associated with the
better corrosion performance of all the studied materials [18]. This behavior is due to the
formation of a passive layer on the surface of intermetallic alloys.

Fe40Al-5.0Cu alloy exhibited the greatest range of passivation potential (477 mV),
while the Fe40Al and Fe40Al-0.5Ag alloys showed the lowest values of passivation potential
intervals (62 and 66 mV, respectively). Additionally, it is important to note that 316L
steel showed the greatest range of passivation potential with 575 mV. Fe40Al-XCu alloys
exhibited higher values of intervals of passivation potential than those of Fe40Al-XAg
alloys, ranging from about 320 to 477 mV. In similar research [19], the corrosion behavior of
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a Co20Cr alloy exposed to artificial saliva was assessed. The authors reported an icorr of
0.001 mA/cm2, which is close to the corrosion current densities determined in the present
work. Ionic compounds, predominantly Cr2O3 and Cr(OH)3, revealed on the surface of
Co-Cr alloys could provide a passive character to this film and are responsible for the good
corrosion performance of these alloys [20–22].

Figure 2. Potentiodynamic polarization curves of Fe40Al-XCu alloys exposed to artificial saliva.

Fe40Al-XAg alloys exhibited higher icorr values than those of Fe40Al-XCu alloys; this
behavior can be due in the first place to the modification of microstructure and precipitation
process, both induced by silver addition. Since the addition of Ag to Fe40Al results in
the uniform precipitation of pure Ag phases on the Fe40Al binary matrix [23]. Pure
silver uniformly dispersed on an iron aluminide matrix suggests promoting an increase
in the corrosion rate, since these precipitates act as local anodes susceptible to localized
corrosion [24].

The current density values recorded with the addition of Cu are on average lower
than those obtained with the addition of Cr and Ti to the Fe40Al alloy reported in previous
studies [25]. This suggests that the protective layer formed on the Cu-alloyed intermetallic
compounds could have a more protective nature than those formed with the addition of Ti
and Cr.

3.2. OCP Measurements

Figure 3 presents the dependence of open corrosion potential, OCP, as a function
of exposure period for 316L SS, Fe40Al base alloy, and Fe40Al-XAg and Fe40Al-XCu
ternary alloys.

316L stainless steel, a standard biomaterial, exhibits significant passive transient
behavior during the first 6 h of contact with the synthetic electrolyte. After this period, the
open-circuit potential of this steel remained constant. Furthermore, the corrosion potential
of 316L stainless steel was higher than that of the alloys studied. In previous research,
the composition of the passive surface layer formed on the surface of 316L stainless steel
exposed to biomimetic saliva following open circuit potential (OCP) testing was evaluated.
The results showed that the passive layer formed was mainly composed of Cr oxide with
traces of Fe oxide [26]. In this case, the Cr oxides formed on the surface of 316L stainless
steel are responsible for the highest OCP and Rp values observed during almost the entire
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immersion period. In the case of intermetallic alloys, the protective layers are mainly based
on Al oxide. In general, the addition of Ag and Cu caused a shift in OCP values toward
the active direction during the first few hours of immersion. Subsequently, the potential
shifted towards more positive values.

Figure 3. OCP measurements of the tested alloys exposed to artificial saliva.

The addition of 0.5 and 3.0% of Ag induced a shift of the potential rest towards the
active direction relative to the OCP values of binary iron aluminide; this behavior was
observed during almost the whole exposure period of the electrochemical test. However,
the alloying with 1.0% of Ag induced a shift of OCP values toward the noble direction
relative to the binary Fe40Al alloy. This behavior could be ascribed to the modification of
the Al-oxide film formed on the Fe-Al alloy surface by Ag2O, where the formation of this
silver oxide was revealed by using the XPS technique on Ti-Ag alloys after potentiodynamic
polarization tests in artificial solution [27,28]. Another process that could have induced
a detrimental effect on the protective nature of the iron aluminide surface layer is the
formation of AgSCN, as previously reported [29].

The alloys with the addition of 3.0 and 5.0% Cu showed the most noble behavior with
respect to the binary alloy, and the alloy with 1.0% Cu also showed more noble behavior
with respect to the binary alloy for most of the immersion time, and at the end of the test
it showed values close to those of the binary alloy. This behavior could be attributed to
the formation of a protective layer film probably constituted by the Cu2O and CuO oxides.
These results are well related to previous studies in which the corrosion properties of Pd-Ag-
Cu alloys exposed to synthetic saliva were studied. In these investigations, a mechanism
for the formation of a passive film on Cu in the environment containing thiocyanates was
proposed. According to this mechanism, the formation of CuSCN initially occurs, and later
it is transformed into a Cu2O/CuO layer [29–31].

3.3. LPR Measurements

The variation of Rp as a function of exposure period for both sets of alloys, Fe40Al-XAg
and Fe40Al-XCu, is presented in Figure 4. It can be observed in this plot that the addition
of Ag to the binary iron aluminide shifted its Rp towards lower values; this behavior is
observed during the whole exposure time. According to Stern–Geary equation, a decrease
of Rp is associated with an increment of icorr, which in turn represents an increment of
corrosion rate.
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Figure 4. LPR measurements of the tested alloys exposed to artificial saliva.

This behavior is in part related to the lower interval of passive region observed in
the Ag-modified Fe40Al alloys. Also, in this case, the presence of SCN- anions in artificial
saliva could induce pitting corrosion [32,33]. Thiocyanate anions combined with Ag in the
form of AgSCN were considered among the corrosion products that can form between Ag
and the components of artificial saliva once the steady state is reached [29,34]. Furthermore,
the increment of corrosion rate could be attributed to a combined effect derived from the
formation of a galvanic pair (Ag-Iron aluminide) and the precipitation of Ag compounds,
such as AgCl and Ag2O. It is significant to remark that the Fe40Al-3.0Ag alloy showed the
lowest Rp values over the entire exposure period; this behavior agrees with the highest
icorr observed in this alloy (see Table 1).

Also, the binary Fe40Al alloy exhibited higher Rp value than Fe40Al-1.0Cu and Fe40Al-
5.0Cu alloys during almost all the immersion periods. This indicates that the binary iron
aluminide presented a lower corrosion rate as compared with both cooper alloys. However,
Fe40Al-3.0Cu alloy and 316L stainless steel presented the lower corrosion rates, since both
materials displayed higher Rp values than those of binary iron aluminide. In previous
research [29], the OCP variation of pure Cu as a function of immersion in artificial saliva
was assessed, and the results showed suggest that the copper electrode was covered by a
CuSCN layer when the potential underwent the first delay at 0.1V vs. SHE. Based on a
complementary study focused on calculation of equilibrium composition, the authors also
proposed a mechanism where the primarily produced CuSCN transform with increasing
potential to a Cu2O/CuO layer [30,31]. This supports the observed trend on Rp variation
test, where the concentration increments of Cu up to 5.0 wt% induced a shift of Rp to
higher values. On the other hand, the protective nature of the surface film formed on 316L
stainless steel is mainly Cr oxide with a thickness of about 3.6 nm [27].

3.4. Electrochemical Impedance Spectroscopy Measurements

Figure 5 shows the impedance spectra of 316L stainless steel and intermetallic alloys
evaluated in artificial saliva after 24 h of immersion at 37 ◦C.

From the Nyquist diagram it is observed that all materials show the formation of a
capacitive semicircle, where stainless steel exhibits the semicircle with the largest diameter
and Fe40Al-XAg alloys those with the smallest diameter.
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(a) 

 
(b) 

(c) 

Figure 5. Nyquist (a) and Bode (b,c) plots for alloys exposed in artificial saliva at 37 ◦C after 24 h.

Similar behavior is observed from the Bode plot in its impedance modulus format,
|Z|. In the high-frequency region (>1000 Hz), the development of a high-frequency plateau



Metals 2025, 15, 899 10 of 15

corresponding to the solution resistance, Rs, is observed in all cases, and in the intermediate-
frequency region (1000–1.0 Hz), the formation of a linear relationship between log f and
|Z| is observed; this is consistent with the presence of a single capacitive semicircle.
However, in the low-frequency region (<1.0 Hz), the formation of a low-frequency plateau
is not observed in all cases. This suggests that the impedance modulus, and consequently
the resistance to charge transfer, is greater than the last recorded value. Accordingly, it is
observed that 316L steel and the Fe40Al-3.0Ag alloy present the highest and lowest values
of charge transfer resistance, respectively.

The phase angle represented in the Bode diagram tends to zero at both high and
low frequencies. In all cases, a phase angle maximum is observed only around 0.4–20 Hz,
with the highest value recorded for the 316L sample (−80◦) and the lowest value recorded
for Fe40Al-3.0Ag (−53◦). The amplitude of the phase angle maximum, as well as its
broadening, has been associated with the passivation of the metal surface [35].

From the Bode plots, it is interesting to observe that at frequencies greater than 100 Hz,
virtually all spectra overlap, and at lower frequencies, the observed behavior depends on
the resistive and capacitive characteristics of each material’s surface. This suggests the
exclusive formation of solid, stable surface layers and the absence of metal oxyhydroxide
corrosion products.

In order to determine the evolution of the described electrochemical behavior, charge
transfer resistance, Rct, and capacitance of the electrochemical double layer, Cdl, the
impedance spectra were modeled considering the presence of a single time constant ac-
cording to the equivalent circuit shown in Figure 6, where Rs represents the electrolyte
resistance and ZCPEdl the impedance of the constant phase element (CPE).

Figure 6. Schematic representation of an equivalent circuit with a time constant.

To compensate for surface irregularities in the working electrode, it is common to use
CPE instead of capacitance. The impedance of the CPE has been defined as follows [36]:

ZCPE =

(
1

Y0

)
(jω)−n (1)

In this expression the different variables are defined as magnitude of the CPE (Y0,
Ω−1 cm−2 sn), angular frequency (ω, rad s−1), coefficient n (0 < n <1), and the imaginary
number (j2 = −1). Based on these parameters, the capacitance of the electrochemical double
layer can be calculated according to the following [36]:

Cdl =
(Y0R)1/n

R
(2)

Figure 7 shows the variation of the values of Rct and Cdl as a function of time from the
modeling of the impedance spectra of the materials evaluated according to the proposed
equivalent circuit. The data correspond to a quality adjustment represented by “chi-square”,
χ2 = 0.001).
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(a) 

(b) 

Figure 7. Evolution of (a) Cdl and (b) Rct values as a function of time for alloys exposed in artificial
saliva at 37 ◦C.

Regarding the Cdl values, it can be observed that all materials show Cdl values within a
close range, although their trends differ. 316L stainless steel is the only material that shows
a clear tendency to decrease its Cdl values with increasing immersion time. This may be
associated with the formation of a protective oxide with excellent capacitive properties, low
surface heterogeneity, and high resistance to charge transfer, as suggested by Equation (2).
On the other hand, the Fe40Al alloy shows very stable Cdl values with a slight tendency to
decrease with increasing immersion time. This also suggests a good protective capacity
for its developed surface oxide. However, the Cu- and Ag-doped alloys, although some
of them show lower Cdl values than those of the Fe40Al alloy, show a slight tendency to
increase with increasing immersion time. In general, it has been reported that the addition
of a third element to Fe-Al alloys improves their corrosion resistance because the presence
of iron oxides in the protective film is reduced when they are replaced by oxides of the
third element [8,37–41]. However, this depends on the reactivity of the third element with
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other species present in the electrolyte. In this case, as previously indicated, both Cu and
Ag react with thiocyanate ions (SCN-) to form CuSCN and AgSCN [29–31], also inducing
localized corrosion [32,33], and in the case of Ag-doped alloys, the presence of galvanic
corrosion [34]. This is consistent with the behavior observed in the Rct and Rp values.

Similar behaviors are observed in the ndl values (Figure 8), namely an increase for
316L steel and the Fe40Al intermetallic alloy, and a decrease for the Cu- and Ag-doped
alloys. This suggests an increase in surface homogeneity in the first case and an increase in
surface heterogeneity in the second case. The latter may be associated with the reactivity of
Cu and Ag with thiocyanate ions, in addition to the galvanic corrosion promoted by the
presence of Ag.

Figure 8. Evolution of ndl as a function of time for alloys exposed in artificial saliva at 37 ◦C.

As observed, the results of electrochemical impedance spectroscopy demonstrate
that 316L stainless steel has the highest corrosion resistance among the materials tested,
as evidenced by its high charge transfer resistance (Rct), low double-layer capacitance
(Cdl), and increasing surface homogeneity over time. The intermetallic alloy Fe40Al also
exhibits favorable electrochemical behavior, although slightly lower than that of 316L,
indicating the formation of a stable, protective passive layer. Conversely, the addition of
Cu and Ag to Fe40Al results in a deterioration of the protective properties, as reflected
by decreased Rct values, increased Cdl, and reduced ndl exponent values over time. This
behavior is attributed to the interaction of Cu and Ag with thiocyanate ions in the medium,
which promotes the formation of corrosion products and localized or galvanic corrosion
phenomena. These findings highlight the importance of understanding the electrochemical
reactivity of alloying elements in complex media, as well as their impact on the protective
behavior and long-term stability of passive films.

4. Conclusions
This study demonstrated that the electrochemical behavior of Fe40Al intermetallic

alloys in artificial saliva is significantly influenced by the addition of Cu and Ag. Among
the tested materials, 316L stainless steel showed the best corrosion resistance, as evidenced
by its low corrosion current density, high polarization resistance, and superior charge
transfer resistance. The unalloyed Fe40Al alloy also exhibited good corrosion performance,
suggesting the formation of a stable and protective passive oxide layer.
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The addition of Cu to the Fe40Al matrix improved corrosion resistance at specific
concentrations, particularly at 3.0 wt%, which showed the lowest corrosion current den-
sity and high values of Rp and Rct, even surpassing 316L in some cases. This effect is
attributed to the formation of a protective Cu2O/CuO film after initial surface reactions
involving CuSCN.

In contrast, Ag additions led to a general deterioration in corrosion resistance, espe-
cially at higher concentrations (3.0 wt%), due to the precipitation of metallic Ag, formation
of AgSCN, and galvanic coupling with the Fe-Al matrix, all of which promoted localized
corrosion. The electrochemical impedance data also showed that Cu- and Ag-doped alloys
developed less homogeneous passive layers over time, as evidenced by their increasing Cdl

and decreasing ndl values.
Overall, the study confirms that while the Fe40Al intermetallic alloy has intrinsic corro-

sion resistance in simulated biological environments, the incorporation of Cu can enhance
this behavior under optimized conditions, whereas Ag additions tend to be detrimental.
These findings provide valuable insight into the design of Fe-Al-based biomaterials and
the careful selection of alloying elements for applications in physiological environments.
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