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Abstract: Depending on the properties required for the medical instruments, compared with the
classical materials, the high-entropy alloys (HEAs) are a versatile option. Electrochemical Impedance
Spectroscopy (EIS) measurements have been performed on AlxCoCrFeNi-type high-entropy alloys
with various concentrations of Al content (x = 0.6, 0.8, and 1.0) in order to characterize their passive
film and corrosion resistance at 37 °C under infectious simulated physiological conditions (Ringer “s
solution acidulated with HCI) at pH = 3. The impedance spectra were obtained at different potential
values between —0.7 and +0.7 V vs. SCE. Analysis of the impedance spectra was carried out by
fitting different equivalent circuits to the experimental data. Two equivalent circuits, with one time
constant and two time constants respectively, can be satisfactorily used for fitting the spectra: one
time constant represents the characteristics of the compact passive film, and the second one is for the
porous passive film. With the decreasing of Al content, the obtained EIS results are correlated with
the evolution of the microhardness and microstructure, which is characterized by Optical Microscopy
(OM), Scanning Electron Microscopy (SEM), and Energy-Dispersive X-Ray Spectroscopy (EDAX). It
can be observed for all alloys that the resistance of the passive film is very high and decreases with the
potential: the very high resistance of the passive film implies a high corrosion resistance, which can
be assigned to the formation of the protective oxide layer and demonstrates that the analyzed alloys
fulfill the prerequisites for their use as new materials for the manufacturing of medical instruments.

Keywords: high-entropy alloys; aluminum; Electrochemical Impedance Spectroscopy (EIS); equiva-
lent circuit; corrosion resistance; passivation; Ringer solution

1. Introduction

The high-entropy alloys (HEAs), due to their particular composition, offer an alter-
native point of view for the new generation of materials that can possibly change the
properties limitations of the classical materials. Two definitions of HEA are widely ac-
cepted: one based on the composition of the alloy and another based on the entropy concept.
The first definition categorizes HEAs as materials containing five or more elements where
every element has an atomic proportion between 5% and 35% [1]. According to the second
definition, HEAs are considered to be alloys that have a conformational entropy larger
than 1.61 R where R is the universal gas constant [2]. The high-entropy solid solutions are
typically FCC alloys, BCC alloys, and also amorphous-structured alloys (high-entropy bulk
metallic glass), but HCP-structured alloys were also reported [3]. Actually, there has been
a great increase in the number of works that report on these novel microstructures with
excellent properties [4-7].

The high-entropy solid solution AlICoCrFeNi was developed by Zhang’s team at Bei-
jing University of Science and Technology [8]. The microstructure, yield stress, compressive
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strength, plastic strain, and fracture mechanism of this alloy were studied [8,9]. The modifi-
cation of Al content to high-entropy alloys (HEA) with cubic face-centered structures (FCC)
leads to significant modifications in its physical and structural characteristics [10]. These
changes are due to Al’s ability to introduce a grading tendency within the FCC matrix, as
well as a network disturbance due to the increased atomic radius of Al (142 A) in compari-
son with the remaining elements of HEAs (with an average of the atomic radius of Co, Fe,
Ni =125 A) [11]. For these reasons, many studies on this HEA with different aluminum
concentration were performed. For instance, the following properties were measured:
Vickers hardness for Alyos [12]; microstructure and tensile behaviors for Alys [13-15];
microstructure, hardness, and corrosion properties of Alys [16], tribological properties for
Al [17]; and compressive strength, Vickers, and Brinell Hardness for Alyg [18].

Since the properties of the Al,CoCrFeNi change significantly with aluminum concen-
tration, comparative studies with x varying at different values from 0 to 3 were performed,
and some characteristics were investigated: microstructure [19-21], hardness [16,22], elec-
trochemical properties [23-25], electric, magnetic, and Hall properties [26]. Review articles
and books were also written [3,8,27-29], and as a result, AlICoCrFeNi was found to exhibit
high hardness, toughness, and stiffness, low modulus of electricity, and high thermal
stability, which are properties that make it an option as a material for medical instruments
such as cutters, saws, scissors, etc.

Despite the very good properties, AlICoCrFeNi alloy can produce metallic ions that
can be diffused through passive oxide films. Some of these ions react with chlorine ions
from the human body, forming complexes and precipitates; those that react with the
water can form hydroxides and oxides, and in these conditions, the local change of pH
is produced. Accordingly, pH gradients are produced along the different areas of the
medical instruments, and this condition can produce and perpetuate crevice corrosion [30].
Consequently, local proliferation of the corrosion on some zones of HEA could appear.

However, the investigation of the degradation behavior of Al,CoCrFeNi in simulated
body fluid does not exist yet (for their use as medical instruments: cutting elements, tissue
detachment sewing, etc.), so this study clarifies how the Al content impacts on the passive
films formed on these alloys. In addition, the relationship between the characteristics of
the oxide film and the Al concentration is examined by varying the potential between
—0.7 and 0.7 V vs. SCE. The corrosion in the physiological environment is mainly due
to the chlorine ions that it contains, to pH, and to the special conditions of use such as
infections, hematomas, allergies, etc. In this paper, an infectious physiological environment
was simulated by adding HCI to Ringer solution until it reached pH = 3 at 37 °C.

2. Materials and Methods
2.1. Materials and Samples Preparation

The VAR (Vacuum Arc Remelting) process was used for the manufacture of high-
entropy Al,CrFeCoNi alloys (see Table 1) by using the MRF ABJ 900 VAR (Allenstown,
Merrimack, NH 03275, USA) at ERAMET Laboratory. High-purity granular base materials
of Al, Cr, Fe, Co, and Ni (99.9%) were used and classified according to ASTM B214-16 [31].
Eventual losses of material by vaporization are to be expected in accordance with the
theoretical chemical elements assimilations degree into the melt. Both conditions are taken
into account for the charge. The obtained alloys were melted in a VAR unit up to six times,
making use of argon as inert atmosphere, so that an adequate homogeneity could be
achieved. The mini ingot was presented in the shape of a cylindrical rod of approximately
10 cm in length and 1.5 cm in diameter. For a microstructural quality examination, the
first step is to cut the samples. A precision sectioning saw (BUEHLER USA, Lake Blulff,
IL 60044, USA), IsoMet®4000 Buehler, is used to ensure cuts with minimal deformation. To
simplify the manipulation of the samples and also to protect the edges of the samples, they
have been pasted with an epoxy system. Then, with a Struers grinding-polishing machine
(Struers Inc., Cleveland, OH 44145, USA), model TegraForce-1, the specimens were wet
ground and polished with 260 to 3000 grain SiC papers and continued by a 0.1 pm alumina
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suspension for final polishing. To remove traces of other substances, as we do with all
materials [32], the specimens were ultrasonically cleansed in ethanol for 10 min followed
by rinsing two times with deionized water. The experimental steps complied with the
ASTM E3-11(2017) standard for the preparation of metallographic samples [33].

Table 1. Composition (wt %) for analyzed HEAs.

Composition (wt %) Al Cr Fe Co Ni

Al oCrFeCoNi (Al; ) 10.67 20.55 22.13 23.32 23.33
AlgsCrFeCoNi (Algg) 8.72 21.00 22.61 23.82 23.85
Alg,¢CrFeCoNi (Aly) 6.68 21.47 23.12 24.36 24.36

2.2. Test Environment

All data were obtained in Ringer Grifols solution (from Grifols Laboratories, Barcelona,
Spain) with the corresponding contents in mmol/L: Na* 129.9; K* 5.4; Ca?* 1.8; Cl-
111.7; and C3H505 27.2 and acidified with HCl until reaching a pH = 3. The Ringer
Grifols solution is a complex physiological mixture in which some of the chloride ions are
substituted by lactate ions and some of the sodium ions are substituted by calcium and
potassium ions. A thermostatic bath at 37 £ 0.1 °C was used to obtain the test data.

2.3. Microstructural Characterization

The microstructure of the samples was studied through optical microscopy. The sur-
face of the samples was electrochemically etched with a 10% solution of oxalic acid where
the samples were immersed for 10 s and 5 A current. The optical observations of the surface
were made using a Zeiss AxioVert Al microscope (Carl-Zeiss QEC GmbH, Ostfildern,
Germany). The SEM and the EDAX observations were performed with an environmental
scanning electron microscope model Fei XL30 ESEM (MTM, Leuven, Belgium) with LaB6
cathode coupled to an analyzer by energy-dispersive electron probe X-ray, model EDAX
Sapphire. Finally, the samples were coated by spraying with gold for the analysis of the
cross-section of the passive layer.

2.4. Microhardness

The microhardness of the samples was studied by performing an indentation test with
a microhardness tester model Remet HX-1000 (NCS Lab., Carpi, Italy). The sample, which
had been polished to a mirror finish as explained previously, was inspected with an optical
microscope, and then, the microhardness determinations were conducted perpendicularly
to the surface. The indentations were placed every 0.5 mm on the diameter of the sample.
A load of 100 g and dwell time of 15 s were performed [32]. Finally, the average level for
individual samples was calculated and reported as Vickers hardness (HV).

2.5. Electrochemical Measurements

The influence of potential on the passive film of HEAs under simulated physiolog-
ical conditions was investigated by Electrochemical Impedance Spectroscopy (EIS). The
equipment consists of a potentiostat PAR 263 A connected with a lock-in amplifier, model
PAR 5210, to a conventional electrochemical cell. Three electrodes are needed to perform
this technique: first, the working electrode (experimental sample); second, the electrode
used as reference is the saturated calomel electrode (SCE); and third, as counter electrode,
a platinum grid was used.

AC impedance measurements were recorded at open circuit potential, with an AC
potential amplitude of 10 mV, and single sine wave measurements were conducted at
frequencies between 10~! and 10° Hz. To analyze the characteristics of the oxide film, the
impedance spectra were recorded between —0.7 and +0.7 V with a 0.2 V step permitting
the system to be stabilized for 10 min at each potential. Thus, the electrodes are polarized
in a continuous way [33]. A personal computer was used for data acquisition and analysis
using ZSimpWin software (AMETEC, Princeton, NJ, USA) to interpret the spectra.
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3. Results and Discussion
3.1. Microstructural Characterization

Optical images can be seen in Figure 1a—c in which the general characteristic of the
microstructure is dendritic. The individual concentration of the elements in the different
alloys influences the morphology of the phases. Accordingly, in the case of Al; g and Alyg,
the aspect of the dendrites is almost rounded, while for Alg g, it presents acicular forms with
different orientations. It was found that even for small changes in the chemical composition,
there are changes in the phases and compounds in these alloys. The explanation is that
at certain proportions of Al in this matrix, the crystal structures change from FCC to BCC
+ FCC or to BCC. The SEM microstructural aspects at higher magnifications shown in
Figure 1d-f are comparable to those found by optical microscopy. At higher magnifications,
the individual features of each alloy are emphasized. For instance, in the case of Al o
(Figure 1d), the microstructure is constituted by phases disposed in an orderly manner in
the metallic matrix, which is flanked by straight grain edges. The microstructure of Al
(Figure le) reveals the propensity of growth of acicular phases (Widmanstitten), resulting
in significantly larger grain boundaries. In regard to the Aly ¢ sample (Figure 1f), the two
phases are significantly different. Since the structure of the alloy with x = 0.6 is the one that
presents in wide spaces the presence of two phases and therefore is the most representative,
we have chosen it to show the EDAX results (see Figure 2 and Table 2).

Figure 1. Metallographic microscopy and SEM images for Al;(CrFeCoNi (a,d), AlysCrFeCoNi (b,e), and

Aly ¢CrFeCoNi (c,f).
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Figure 2. EDAX analysis on the surface of the alloy AlyCrFeCoNi (the point analysis of chemical
composition was in the right upper corner of each rectangle).

Table 2. The results in weight percentage of EDAX analysis of the alloyAly ¢CrFeCoNi.

Spectrum Al Cr Fe Co Ni
Sum 6.87 20.66 24.18 24.04 24.26
Spectrum
Spectrum 2 5.74 20.90 26.23 25.04 22.09
Spectrum 3 5.86 20.78 26.07 24.82 22.47
Spectrum 4 6.02 20.93 2543 24.71 2291
Spectrum 5 5.74 20.89 26.10 24.88 22.38
Spectrum 6 6.12 20.71 25.70 24.63 22.84
Spectrum 7 8.75 22.12 22.70 22.48 23.95
Spectrum 8 8.16 21.08 23.08 23.45 24.24
Spectrum 9 8.57 2228 22.99 2255 23.61
Spectrum 10 9.04 21.48 22.59 22.38 24.52
Mean 7.09 21.18 2451 23.90 23.33
Standard 1.38 0.58 1.55 1.09 0.89
deviation

On the surface of the HEA, there are two zones: a dendritic zone (D) and an interden-
dritic zone (ID) with significant compositional differences of the elements (see Table 3).
A segregation factor [9], the segregation ratio (Sg), was used to calculate the level of element
segregation, which is defined as:

element concentration in D area
element concentration in ID area’

)

R
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Table 3. Composition analysis results in D and ID areas and Sg values for AlygCrFeCoNi and
Al gCrFeCoNi alloys.

Alloy Parameters Al Cr Fe Co Ni
D 5.74 20.9 26.23 25.04 22.09
Al ¢CrFeCoNi ID 9.04 21.48 22.59 22.38 24.52
Sr 0.63 0.97 1.16 1.12 0.90
D 7.98 26.63 23.32 22.15 19.92
Al gCrFeCoNi ID 10.85 20.99 20.63 22.39 25.15
Sk 0.74 1.27 1.13 0.99 0.79

For Al ¢CrFeCoNi, the nanoscale analysis revealed the dendritic region rich in Fe and
Co but depleted in Ni and Al and the interdendritic region rich in Al and Ni but depleted
in Co and Fe. Only chromium shows no significant difference in the two areas with a
somewhat higher concentration in the interdendritic zone.

As the content of Al increments, the effect of chromium is more powerful, and Co
shows no obvious difference in the two zones, which is in accordance with the results of
other researchers [9].

Aluminum and chromium increase their segregation ratios, while nickel and cobalt
decrease it. We would say that they form less intermetallic compounds (or that they
“precipitate” less). Iron does not substantially vary its segregation ratio.

It could almost be said that the increase in aluminum reduces the solubility limit of the
solid phase for nickel and cobalt, increases it for chromium, and iron is almost unaffected.

3.2. EIS Results

To evaluate the passive layer characteristic, the impedance data will be used. In
Nyquist plots (Figure 3), it can be noted that all samples present three distinct region
consisting of (i) an arc with a small ratio at high frequencies (low impedances); (ii) another
arc at medium frequencies with the ratio bigger than that of high frequencies and (iii) a
line at low frequencies (high impedances). This is clearly indicative of the feedback from at
least two different frequency-dependent processes with their respective time constants.
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' % ey 1'200- = 0.3V, (<T14,000 - -03V
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Figure 3. Nyquist diagrams evolution with the potential for (a) Al; o, (b) Algg, and (c) Alyg.

From the Bode-phase spectra in the range —700 to —100 mV (Figure 4) for the three
HEAs, the changing of a widely capacitive film to a resistive one can be observed, and this
is a measure of the integrity of the film and therefore of the corrosion resistance.
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Figure 4. Bode-phase spectra at negative potentials for (a) Al; g, (b) Alpg, and (c) Algg.
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The Bode-phase spectra show the phase shift as a function of frequency for different
potentials vs. the reference electrode. The single-phase shift peak for the potentials between
—0.7 and —0.1 V indicates that any time constants associated with the corrosion process
must be close in frequency. The maximum phase shift is centered at about 10 Hz for Alyg
and 100 Hz for Alj ¢ and systematically shifts to lower frequencies as the potential increases,
reaching a value of about 1 Hz for Alyg and 5 Hz for Al . This shift to lower frequencies
is an indication of the increases of the polarization resistance and can occur without a shift
in interfacial capacitance.

In the Bode-IZI plots (see Figure 5), for the three HEAs, at high and middle frequencies,
the impedance spectra show superimposable curves. All the spectra show a significant
drop between —0.1 and +0.1 V. This drop continues with the increasing of potential until
the end of the experiment, and the resistance of the film at that moment was reduced
more than 200 times for all the HEAs. The impedance of the low-frequency flat surface is
associated with the inherent quality of the film. This low-frequency platform represents the
addition of the surface layer resistance, the transfer resistance, and the electrolyte resistance.
Since both last resistances change slightly for the same HEA, changes in the low-frequency
plateau represent changes in the film, and these can be due to the conductive paths through
the film.
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Figure 5. Bode-1ZI spectra for (a) Al; o, (b) Algg, and (c) Alye.

The increase in low-frequency impedance with the potential is indicative of a richer
corrosion resistance of the film formed on the HEA surface. The highest corrosion resistance
belongs to the alloy with x = 0.6; the value is more than double that for the alloy with x =1,
and this confirms that the Al content decrease has changed the passive film characteristics.

In Figure 5, from 0.1 to 0.7 V, a diffusion-controlled process has become a significant
part of the total impedance. This is shown by the spectral region with a slope of about 1/4,
which occurs from a log frequency of 4.5 to a log frequency of 3.0 and by the spectral region
with slope increasing from 1/4 to 1/2, which occurs from a log frequency of 3.0 to 1.0.
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These data suggest a corrosion process with diffusion-controlled ionic conductivity [34],
and the impedance is dominated by transfer resistance rather than film resistance. This
difference in behavior may be attributed to the filling of pores in the film.

When the spectra curve registered from +0.1 to 0.7 V vs. SCE (increasing and decreas-
ing tendency, see Figure 6), strange behavior was observed at lower frequencies where the
phase angle changed the direction of evolution at about 50 Hz. This behavior is probably
due to a drift of Ecorr and polarization of the HEA during the impedance measurement [34].

(2] (] [c]
0
o a0 -20
3 3 g
= = =
s N § .20
z § -+ 0.1V %
g Z 60 | 103V & -60
l ——+ 0.5V
L -+ 0.7V
i -80 4 ——t—— -80
<1 0 1 2 3 4 S5 -1 0 1 2 3 4 5
log freq / [Hz] log freq / [Hz] log freq / [Hz]

Figure 6. Bode-phase spectra at positive potentials for (a) Al o, (b) Alpg, and (c) Algg.

Based on the visual observations of the impedance spectra, the corrosion process pa-
rameters have been modeled by the equivalent circuits presented in the Figures 7a and 8a [35].
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Figure 7. (a) Simple equivalent circuit used for the fitting; (b) R evolution with the potential; (c) Y
and n parameter corresponding to Cy; for the studied alloys.
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Figure 8. (a) Equivalent circuit with two time constants used for the fitting of spectra at positive potentials; (b) Rp, evolution
with the potential; (c) Ret evolution with the potential; (d) Yo and 11 parameter corresponding to Cp, for the external layer;
(e) Yg and n, parameter corresponding to Cg for the internal layer.

The elements components of the equivalent circuits are the electrolytic resistance
(Rq), the resistance of the passive film ( Rp), the capacitance of the passive film ( Cp), the
double-layer capacitance ( Cy;), and the charge transfer resistance ( Ry).

The analysis of the impedance spectra was performed by matching the experimental
data with those obtained through the ZSimpWin software. The quality of the fit with
an equivalent circuit was initially evaluated by the chi-square value and then by the
comparison of the experimental data with the simulated ones. A chi-square value of 10~°
indicates a very good fit by using a low number of elements. All elements of the equivalent
circuit behaved consistently.

Rq is the unbalanced electrolyte resistance and is dependent on the distance from the
working electrode to the reference electrode (which remained the same in all the experiments).

Ry is representing the resistance of the passive film pores and is assigned to the
resistance of the ion conduction path within the passive layer structure. It indicates the
degree of the efficiency of the passive film in protecting the base alloy against corrosion.

Rt represents the polarization resistance at the interface alloy/passive film by con-
sidering the entry of the electrolyte into the pores. Fitting procedures have shown that
as results of inhomogeneities and porosity, a better coincidence between the theoretical
and experimental data is achieved if instead of pure capacitance a constant-phase element
is introduced.

CPE constant phase elements were employed (representing the variation from the
typical capacitive behavior) and the impedance of a CPE (symbolized with Q) is shown
by [36]:

Q:Z = (jw) " Yp. @)

Z represents the impedance of CPE, j is the imaginary number (> = —1), w is the
angular frequency (rad-s~1), Y{ is the constant of CPE [S(s-rad ~1)"] where # is the power
number, n = &(7/2) where « is the constant phase angle of the CPE (rad). If n =1, CPE = C;
ifn=0,CPE=R,and if n=0.5, CPE=W.

In this way, all the capacities of the two equivalent circuits have been replaced by
phase constant elements.
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First, the experimental data have been modeled with the simple circuit of one time
constant, the Randles circuit; see Figure 7a. This circuit, called R(QR), is composed of a
resistance (R.) in parallel with Qy, and these two elements are connected in series with
the electrolyte resistance R. To calculate the total impedance of the equivalent circuit, we
calculate the admittance of the parallel combination (R;Qz):

1 1 1

= = 3
Zeg ZR, Zde ®

Even a constant phase element was used for fitting the experimental data; because 7
is close to 1, the obtained Y value is taken as a capacity in the forthcoming discussion:

1 1
— = +iwCy. 4
Zeg  Ru JwCy 4)

Multiplying by R, the left side term, Z,,, is:

. Ret —j (w Clectz)

L 5)
i 1+ (w CleCt)Z
After adding the resistance of the electrolyte, the total impedance is:
Ret — CaR
Zug = Ry 1 et =1 (@ CaRer’) ©)

1+ (w CyRet)?

Rt is considered the corrosion resistance of the analyzed materials. The values of
Rt obtained by adjusting the experimental data with the simulated values from the used
equivalent circuit are shown in Figure 7b. Initially, at a potential of —700 mV, the values
of R for the three HEAs are very similar. As the potential increases, R.; also increases,
reaching a maximum value at —100 mV vs. SCE. This increase of R (and implicitly of the
resistance against the corrosion) with the increase of the potential is due to the passive layer
that is formed on the surface of the HEAs modifying its characteristics as a function of the
potential: (a) it is more and more compact, since the parameter “n” of the constant phase
element approaches 1, the ideal behavior of a capacity and, (b) it is more and more thick
(Yo decreases with the potential); see Figure 7c. The maximum value of Ry at —100 mV
belongs to Alyg, but the one that maintains the maximum value in a longer potential
interval is Alg . This can be explained by the smaller concentration of Al species (oxide
and hydroxide) in the passive film, which is a species that promotes a more defective film.

As the potential is shifted from —100 mV to more positive values, R decreases (and
implicitly decreases the corrosion resistance). This is because the oxide layer on the sample
surface is porous; thus, chlorine ions from the electrolyte can easily pass through it and
corrode the unprotected metal surface. This process is proved by the decrease of the
n-parameter corresponding to the diffusion process, while Y, increases a lot due to the
increase of the surface exposed to the electrolyte (caused by the pores in the passive layer);
see Figure 7c.

Considering that at potentials higher than —100 mV, the diffusion stage occupies an
increasingly important place in the mechanism of the corrosion process, a better fitting of
the experimental data is obtained by using an equivalent electrical circuit with two time
constants (see Figure 8a). This circuit, called R(Q(R(QR)), considers both the characteristics
of the external porous passive layer (process dominated by ion diffusion) and the internal
compact layer (process dominated by charge transfer).

For this circuit, the total impedance is

1
quZRQ—i-. 1 .
]ZUCP"'W

@)

1.
w—+jwC
R ] dl
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After standard calculations, the following equation was obtained:

R —w?RT +w?AB . B—RA—w?TB
Zeq =R 2 +Jjw 2 8)
(1 —w?T)” + w?R? (1—w?T)” + w?A?
where:
R=Ry,+Rj3
T = Tt
A=1+1n+CR;3
B = T Rz

T) = time constant of porous layer [s]
T, = time constant of compact layer [s]

No significant difference between the R.; values of the analyzed HEAs was observed
(see Figure 8c). The evolution of Ry, represented in Figure 8b, shows some differences
in the case of sample A0.8: the resistance of the porous passive film decreases slightly
with the potential due to pores that increase in number and fill with electrolyte. At 0.7 V
vs. SCE, the R;, of the HEAs decreases as the aluminum content grows: increasing the Al
content in the alloys leads to a rise of Al and a diminishing of Cr in the passive films. This
increase in the amount of Al contained in the passive film takes the form of Al oxides and
hydroxides, which effectively build up porous layers that finally result in a thicker passive
film. Accordingly, we present in Figure 8d the evolution with the potential of 7 and Y.

It is well known that Co, Ni, and Cr are extremely corrosion-resistant elements and
form a strong passive film on the surface. Co?*, Co3*, Ni2*, and Cr3* species, which are
generated in the polarization process [36], form a uniform and compact passive film that
successfully inhibits the contact of the CI~ with the metallic surface, thus reducing the
corrosion rate and improving the corrosion resistance of the alloy (see R evolution in
Figure 8c). The decrease of resistance as the applied potential increased at positive values
can be attributed to film thinning and breakdown at higher potentials.

There is a small variation in the values of the parameter 7 of the Y associated with
the roughness of the electrode surface (see Figure 8e). In the positive range of potential, a
variation of “n” is indicative of modifications of non-uniformity and the roughness of the
passive film with respect to the metallic surface.

This could be explained by the fact that the dendritic zone of Alyg has much more
chromium than the dendritic zone of Alyg, and being zones of large area, the higher the Cr
content in the phase, the better the corrosion resistance property of the passive film formed.
However, as the potential increases, the total Al content in the alloy is prevalent, and the
higher corrosion resistance is achieved by the alloy with less aluminum.

3.3. Microhardness

For each sample, five indentations were performed, and the average value is then determined.
To correlate the Vickers hardness with yield strength ¢, using a constant C, that is
approximately equal to 3, the Tabor equation [37] can be used:

HV

©)

Microhardness HV values for HEAs are converted into equivalent yield stress values
using this equation (see Table 4).

Table 4. Mechanical properties of analyzed HEAs.

Property Aly oCrFeCoNi (Aly) Aly gCrFeCoNi (Algg) Alg ¢CrFeCoNi (Alg)

HV (MPa) 562 + 33 427 £17 245 £ 11
oy (MPa) 1875 £ 11 1423 + 6 819+ 4
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It was observed that the decrease in aluminum concentration significantly decreased
the hardness [38] and consequently the Young’s modulus and the yield strength of such
alloys (see Table 4). Fan et al. observed that by increasing the level of aluminum from 0.5 to
1, the microstructure of the HEA system was changing from an FCC structure to a duplex
FCC structure plus BCC and then to a simple BCC structure [39]. A previous study carried
out [39] reported that the hardness of the BCC phase is greater than that of the FCC phase,
which can be confirmed by our results.

4. Conclusions

The variation of aluminum content in the AlxCrFeCoNi system has a significant
influence on the microstructure and the behavior of alloys in simulated body fluid.

As the aluminum content decreases, the solidified microstructure varies from equiaxed
dendritic grain to equiaxed non-dendritic grain and then to columnar dendritic structure.
In the equiaxed non-dendritic grain structure, Widmanstitten side plates can be observed.

The decrease in aluminum content increases the solubility limit of the solid phase for
Ni and Co, decreases it for Cr and, Fe is almost unaffected.

Electrochemical Impedance Spectroscopy is a very powerful technique to study the
corrosion performance of high-entropy alloys in a simulated human body environment.
The obtained results were confirmed by the other techniques that were employed in this
study. Circuits composed of one and two time constants in addition to the ohmic resistance
of the electrolyte are proposed as equivalent circuits to fit the corrosion behavior of HEAs.
The charge transfer resistance in parallel with the double layer capacitance is represented
by the low frequency time constant, whereas the medium frequency one is related to
the reactions of the alloy s constituents on the metal surface. Through this technique,
information was obtained about the changes of the protective capacity of the passive
layers, according with the composition of the alloy and the exposure potential, which
demonstrates that the analyzed alloys fulfill the prerequisites for their use as new materials
for the manufacturing of medical instruments.
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