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Abstract: The aim of the paper is to study the Zr addition effect on the mechanical properties and
corrosion behavior of a high-entropy alloy from the CoCrFeMoNi system. This alloy was designed
to be used for components in the geothermal industry that are exposed to high temperature and
corrosion. Two alloys, one Zr-free (named Sample 1) and another one doped with 0.71 wt.% Zr
(named Sample 2), were obtained in a vacuum arc remelting equipment from high-purity granular
raw materials. Microstructural characterization and quantitative analysis by SEM and EDS were
performed. The Young modulus values for the experimental alloys were calculated on the basis
of a three-point bending test. Corrosion behavior was estimated by linear polarization test and by
electrochemical impedance spectroscopy. The addition of Zr resulted in a decrease in the value of
the Young modulus but also in a decrease in corrosion resistance. The beneficial effect of Zr on the
microstructure was the grain refinement, and this ensured a good deoxidation of the alloy.

Keywords: HEA; CoCrFeMoNiZr; microstructure; corrosion; EIS; Young modulus

1. Introduction

Since 2004, when Yeh et al. [1] and Cantor et al. [2] published the results of multicompo-
nent equiatomic alloys, eventually called high-entropy alloys (HEAs), combinations of many
components have been developed due to their improved properties compared to classic alloys
(of a main element with more than 50 at.%). Yeh et al. defined these alloys as containing a
minimum of five components that account for between 5% and 35% by atomic weight.

Cantor was the first to create an equiatomic alloy from the CoCrFeMnNi system,
and it was observed that the mechanical characteristics of high-entropy alloys rely on
chemical composition and microstructure [2,3]. If certain thermomechanical treatments
are applied to this alloy, its mechanical properties can be considerably improved. For
example, after treatment, the yield strength reaches up to 1834 MPa and the ultimate tensile
strength rises to 2069 MPa, with uniform elongation of 1.4% and total elongation of 7.4% at
room temperature. This alloy has high fracture resistance and low-temperature ductility,
although there have been only few investigations on how it react to corrosion. In some
chemical conditions, such as those containing chlorides, the corrosion resistance of this
alloy is not noticeably higher even if the amount of Cr and Ni is higher than that of stainless
steels (such as AISI 304) [4-6].

The elements selected for the CoCrFeMnNi alloy belong to the 3d and 4d transition
metal groups. In Fe-base alloys, Cr is a passivating element [7,8]; together with Ni, it
provides good corrosion behavior in line with the main elements in stainless steels. By
increasing the Cr content from 4.76 at.% to 33.36 at.% in AlCrCoFeNi alloy, the hardness
increases from 390 to 551 HVO0.1, and a good combination of strength and ductility is
obtained [9-11]. Co also improves the high-temperature resistance and tensile proper-
ties [12-15]. The high ultimate tensile strength (UTS) of multielement CoCrNi alloy is about
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740 MPa; however, after grain size refinement, it can reach 1000 MPa. Furthermore, the
elongation at fracture of this alloy is about 50%. The yield strength can be increased to
about 1 GPa in the case of the CoCrNi-3W alloy, which is almost double compared to the
CoCrNi alloy (400-500 MPa) [16]. The energy threshold for the mobility of Mn atoms is
usually lower than that of Co and Ni atoms, which allows it to diffuse more easily [17] but
the corrosion resistance decreases [18]. The alloying of CoCrFeNi with Nb and Mo allows
to obtain of yield strength of 426 MPa and a fracture strength of 714 MPa, with elongation
of 17.4% [19].

We decided to modify the alloy recipe proposed by Cantor using another element
instead of Mn, such as Mo, to increase the yield strength, ultimate strength, and hardness.
Some researchers used metalloids, such as Si and Ge, to simultaneously increase the yield
strength, ultimate strength, and ductility, due to the supplementary covalent bonding and
reinforcement effect of solid solution [20-22].

The replacement of Mn with tungsten, reported for the CoCrFeNiWx alloy, caused an
increase in hardness proportional to the W concentration [23].

It was found that, by reducing the Mn concentration (to 5 at.% Mn), the CoCrFeMnNi
alloy acquires higher yield strength values after annealing at 1117 K (from 387 to 477 MPa)
due to the grain refinement effect (from 4.4 to 2.61 um) [10]. Mn also shows a rapid
evaporation effect during melting processes; hence, in our study, this element was replaced
by Mo, which could improve the resistance to high temperatures [24]. Co-Cr-Mo alloy
is widely used for manufacturing of vanes and gas turbines due to its excellent fatigue
behavior and wear resistance [25-28]. In such alloys, molybdenum has a beneficial effect on
passivation capacity, contributing to the formation of a protective surface layer that allows
pitting corrosion to be limited [29,30]. Studies were conducted to estimate the effects on
the microstructure and properties of alloys with different Mo contents [31-33]. Such alloys
have been designed for the manufacture of furnace casings and chemical tanks used in
high-temperature and corrosion conditions [34], for components used in the geothermal
industry [35,36], or to obtain high-performance coatings [37].

The addition of Zr to multielement alloys allows the improvement of some mechan-
ical properties [38]; thus, in TIMoNbZrx alloy, Zr determined the improvement of wear
resistance, due to the formation of an oxide film that acts as a lubricant [39]. In terms of
corrosion resistance, grain refinement plays a great role, and a small addition of Zr can
contribute to grain refinement [40]. Thus, our study focuses on the use of the Mo and Zr in
an HEA for the manufacture of mechanical parts used in the geothermal industry at high
temperature and in corrosive media.

The impact of Zr addition on the CoCrFeNiMo high-entropy alloy’s microstructure,
elastic modulus, and corrosion characteristics is examined in this work. In order to analyze
the microstructure of the samples with and without Zr, optical microscopy, scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) are employed, micro-
hardness tests are performed, a three-point bending test is used to evaluate the modulus of
elasticity and linear polarization (LP), and electrochemical impedance spectroscopy (EIS) is
applied to examine electrochemical responses, corrosion kinetics, and interface parameters.

2. Materials and Methods
2.1. Material Preparation

On the basis of the CoCrFeNiMn combination, Mn was replaced by Mo, and a high-
entropy alloy was created, generating Sample 1. To improve the mechanical properties,
this alloy was then doped with Zr in a proportion of 0.71% by weight, creating Sample
2. The elements utilized to create these alloys were 99.00% pure, and the resulting alloys
contained the weight percentages and atomic percentages given in Table 1.

The ingots of each alloy were prepared at LAMET laboratory, Romania, with VAR
(vacuum arc melting) model MRF ABJ 900 VAR (Allenstown, Merrimack, NH 03275, USA),
under a protective argon atmosphere, and six remelting operations were performed for
complete homogenization.
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Table 1. Chemical composition of the experimental alloys.
wt. % at.%
Element
Sample 1 Sample 2 Sample 1 Sample 2
Co 20.67 20.34 21.52 21.15
Cr 19.99 19.80 23.58 23.33
Fe 19.88 20.23 21.84 22.20
Mo 20.20 19.18 12.92 12.25
Ni 19.27 19.74 20.14 20.60
Zr - 0.71 - 0.48

The samples were prepared from ingots after cutting and embedding in epoxy resin.
The specimens were ground using emery discs on a Tegrapol-11 Struers (Copenhague,
Denmark) polishing machine, and then each sample was polished applying a 0.1 pm
alumina suspension on a polishing cloth until it yielded a mirror-like surface, without
scratches. Following an ethanol wash, the samples were rinsed with distilled water. The
electrical contact between the sample and the potentiostat connection clamp was established
using a copper wire.

Using Image], version 1.53 k (public domain), each sample’s surface area S was
calculated; for this, 10 measurements each were taken. For each alloy, the equivalent weight
Ey (in g/eq) and density p (in g/ cm?) values were also computed (see Table 2).

Table 2. Data of surface area, density and equivalent weight of specimens.

S (cm?) p (g/cm?) E., (g/eq)
Sample 1 0.567 + 0.002 8.635 23.694
Sample 2 0.676 + 0.002 8.602 23.814

In this case, the equivalent weight of each sample was calculated using the atomic
weight of each element (M), its valence number (#;), and C; (its weight percentage), as
shown in the following equation:

w=) —*C (1)

The alloy density was calculated as follows:
k
o= 0C @
i=1

where p; (g/cm?) is the density of each element, and C; is its weight percentage.

2.2. Microstructural Characterization

The microstructure of the alloys was analyzed using an environmental scanning elec-
tron microscope (ESEM) model Fei XL30 ESEM (MTM, Leuven, Belgium) equipped with a
LaB6 cathode coupled to an energy-dispersive X-ray electron probe analyzer (EDAX Sap-
phire) used to determine the chemical composition of the samples. Prior to microstructural
characterization, the samples were prepared according to ASTM E3-11 (2017) standard for
metallography [41]. Phase analysis was characterized using an X-ray diffractometer (XRD)
with an Empyrean diffractometer (Malvern-Panalytical). For the analysis CuKa radiation
(1.5406 A) in the range of 20 = 30°~100° with a step size of 0.04° at a power of 45 kV was used.

2.3. Modulus of Elasticity and Microhardness

A three-point bending test was performed to obtain the modulus of elasticity of the
material. For this purpose, the samples were cut with an IsoMet® 4000 Buehler precision
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linear saw (BUEHLER, Lake Bluff, IL, USA), which is capable of achieving minimal dis-
tortion of the material. Ten specimens were selected from each alloy to obtain a weighted
average of the results; the specimens had the shape of rectangular section filaments of
variable dimensions due to the irregular shape of the ingot obtained in the casting of the
alloy. The support spacing (L) in the test for Sample 1 and Sample 2 was 12.70 mm and
8.95 mm, respectively.

Once the samples were obtained, a three-point bending test was performed using
the Electroforce 3100 equipment (BOSE Corporation, Eden Prairie, Minnesota, USA), until
material breakage was reached or until the maximum equipment load of 22 N was applied,
all in compliance with ISO 7438:2020 [42].

Microhardness tests were performed at 24 °C and 48% humidity using a Shimadzu
HMYV 2T microhardness equipment (Tokyo, Japan). According to ISO 14577-1:2015 [43],
10 indentations were made for each sample, and a load of 1.96 N was applied.

2.4. Electrochemical Measurements

Sample 1 and Sample 2 were subjected to corrosion tests in a 3.5% NaCl solution using
Biologic SP-150 potentiostat (Seyssinet-Pariset, France). For the execution of the techniques
and the establishment of the process parameters, the EC-Lab® v-9.55 program was employed,
which also allows the plotting of the data obtained, as well as the calculation of the polarization
resistance (Rp), the Tafel coefficients, and the remaining electrochemical parameters.

The tests were carried out in a standard electrochemical cell with three electrodes,
consisting of the sample to be tested as a working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a platinum electrode as the counter electrode. Previ-
ously, the open-circuit potential was recorded by immersing the samples for 24 h in the salt
solution. These tests were performed three times to ensure reasonably reproducible quality.

The linear polarization test establishes the linear relationship between the applied
polarization and the current response in the vicinity of the corrosion potential (Ecorr). In this
case, the potential range of 25 mV =+ 1 versus Ecorr and a sweep rate of 0.166 mV /s were
used, and the polarization resistance was calculated. For potentiodynamic polarization
curves, a scan of potential from —1.2 V vs. SCE to +1.2 V vs. SCE was performed.

Additionally, the EIS test was performed using single sine wave measurements at
frequencies in the range of 10~ ! to 10° Hz for the two alloys. From this test, it was possible
to relate the chemical and physical properties of the prepared alloys to the electrochemical
process taking place by analyzing the spectra obtained. Therefore, the ZSimpWin 3.22 pro-
gram (AMETEC, Princeton, NJ, USA), which allows the interpretation of the EIS data, was
used to obtain and analyze the spectra. In addition, from the obtained data, an equivalent
circuit was fitted in order to interpret the behavior of the electrolyte/sample interface and
the state of the surface layer.

3. Results and Discussion
3.1. Microstructural Characterization

Representative SEM images of the two HEAs are presented in Figure 1a,b, both of
which showed a compact microstructure, without cracks. The microstructure of both alloys
was dendritic, with a grain refinement tendency in the case of Sample 2. A semi-quantitative
analysis was performed in order to reveal the chemical composition of the investigated
samples on the micro-areas labeled Area 1 and Area 2. Table 3 presents the quantified
values and estimated uncertainties of the elements found in the alloys’ composition. From
the EDS analysis, it can be observed that the dendritic zone, labeled Area 1 in both samples,
was rich in Ni, Fe, and Co. Area 2, corresponding to the interdendritic space, was made up
of alloy rich in Cr and Mo, with the concentration of elements such as Co, Fe, and Ni being
slightly lower. Low concentrations of Zr were identified in Sample 2, with slightly higher
concentrations in the interdendritic areas. A comparative analysis of the microstructure
of the two alloys highlights that the volume fraction of the interdendritic zones decreased
when Zr was added to the CoCrFeMoNi alloy. In this type of alloy, the o phase frequently
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appeared alongside the FCC structure. The addition of Mo to the CoCrFeNi system caused
the formation of eutectic containing intermetallic phases (o and ) in the FCC phase. The
eutectic microstructure influences the mechanical properties, determining the increase in
hardness and yield strength [44]. The key elements favoring the appearance of the o phase
are Mo and Cr, whose concentrations are higher in the interdendritic zone [44]. In the
high-entropy alloy CoCrFeNiMo, about 14% Cr- and Mo-rich o phase was identified [19].
In our alloys, the addition of 0.48 at.% Zr caused the Mo concentration to decrease from
20 at.% to 17 at.% in the interdendritic zones, while the Cr concentration remained almost
unchanged, at approximately 25 at.%. In this way, the tendency to form the sigma phase
was diminished.

Sample 1

3
8
2
7]
c
8 Area 2
£
Area 1

0 2 4 6 8 10 12 14 16
Energy (keV)

Sample 2

Area2 Zr

Intensity (a.u.)

Area1 Zr

0 2 4 6 8 10 12 114 1|6
Energy (keV)

Figure 1. SEM micrographs and corresponding EDS spectra for sample 1 (a) and sample 2 (b).

Table 3. EDS quantification results.

Sample 1 Sample 2
Areal Area 2 Areal Area 2
ElL wt. % at.% wt.% at.% wt.% at.% wt. % at.%
Mo 13.86 8.85 30.55 20.61 13.64 8.51 26.07 17.13
Cr 19.23 22.07 20.42 25.12 19.28 22.2 20.58 24.96
Fe 22.02 23.53 16.29 18.66 22.21 23.81 17.97 20.29
Co 22.49 22.78 18.34 19.91 21.74 22.09 18.92 20.25
Ni 22.41 22.78 14.40 15.69 22.54 22.99 15.55 16.82
Zr - - - - 0.59 0.39 0.80 0.55

Table 3 shows the chemical composition determined using the EDS method, where
a higher concentration of Mo and Zr in the interdendritic areas can be noted. The X-
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ray diffraction patterns for both investigated samples are shown in Figure 2. The alloys
presented an FCC solid solution with some weak peaks, in addition to the (111) high-
intensity peak. Thus, the lower-intensity peaks were attributed to the secondary o phase,
corresponding to the rich Cr- and Mo-rich areas determined in the EDS investigations.

|—— Sample 1 + FCC
71— Sample 2

3
8 e
=
F A =
& & =
= * R
=i ] [ ..l"-._!"d
=] 1 )
E M - ,JKJ\“
+ +

e

60 70 80 90 100
20 (deq.)

Figure 2. XRD patterns of the investigated alloys.

3.2. Modulus of Elasticity and Microhardness

The load—displacement diagrams were obtained for the two samples using the three-
point bending test. Figure 3 shows one of the graphs for each specimen (10 samples of each
alloy were tested) and the straight-line results within the elastic limit of the alloy (i.e., when
the sample recovers its initial shape after deformation). The gradient of this line is

dF  48EI
o L3 ®
where E is the Young’s modulus of the sample of length L, which rests on two roller
supports and is subject to a concentrated load F at its center having a central deflection w. I
is the second moment of area, defined by
a’b

where 7 is the sample’s depth, and b is the sample’s width. Thus, the average value of the
modulus of elasticity of each of the proposed alloys was calculated. The obtained results
highlight that the alloy without Zr had a higher modulus of elasticity than that to which Zr
was added, as presented in Table 4.

It was found that the value obtained for Sample 1 was 20.5% higher than the value
reached by the Sample 2; the addition of Zr produced a decrease in the modulus of elasticity
and, therefore, in its stiffness.

The microhardness values HV0.2 and the standard deviation for the 10 measurements
of each sample are presented in Table 4. It can be observed that the addition of Zr improved
the average microhardness of HEAs. The SEM images of the fracture surfaces of the two
alloys are presented in the Figure 4; it can be observed that that a brittle fracture occurred
in both samples. A cleavage-like fracture plane can also be observed.

3.3. Electrochemical Measurements

The samples were immersed in 3.5% NaCl solution, and the open-circuit potential
(OCP) was recorded as a function of time up to 24 h. The OCP values changed continuously,
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fluctuating more rapidly during the first hours of immersion and reaching relatively
stationary values only after 24 h. Was observed that the OCP values after 24 h of immersion
were negative for both Sample 1 (—342 £ 63 mV vs. SCE) and Sample 2 (—458 4+ 43 mV
vs. SCE). This negative shift was related to the alteration of the film from the sample
surface. The steady-state potentials corresponding to the corrosion potential (Ecorr) were
obtained. Then, the linear polarization test in a potential range of 25 mV =+ 1 versus Ecorr
was performed, and the polarization resistance Ry, was obtained. Tafel measurements were
started from the cathodic to anodic direction in the range of —1.2 V to +1.2 V vs. SCE in
order to obtain the Tafel slopes.

150 + a) 375
14.411N
10.0 250 r
z z
— (8
5.0 0.278; 5.203 125 |
0.201; 1.010
y=34.08x - 4.07 y=6.27x - 0.25
R’=0.9979 R*=0.9999
0.124;0.12 0.048; 0.047
0.0 . L 0.00 ) L )
0.0 0.5 10 15 0.0 0.4 0.8 1.2
G (mm) G (mm)

Figure 3. Three-point flexural test diagrams: (a) Sample 1 and (b) Sample 2.

Table 4. Modulus of elasticity and hardness values for Sample 1 and Sample 2.

Alloy Modulus of Elasticity (GPa) Microhardness (HV0.2)
Sample 1 173.99 £ 4.25 369.2 +0.6
Sample 2 144.33 £ 5.38 402.6 £0.7

HT « 700 &V Date: 3 May 2022

3 pm IHE - 5.00kV
WD« 4.7 mm

WO - 7.6mm

Figure 4. SEM images of the fracture after three-point bending test: (a) Sample 1 and (b) Sample 2.

The potentiodynamic polarization curves were obtained during the tests carried out
to estimate the corrosion rate (CR) of the samples. The current values are presented on a
semi-logarithmic scale in Figure 5.
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Figure 5. Potentiodynamic polarization curves for Sample 1 and Sample 2.

The potentiodynamic polarization curves showed an increase in anodic current densi-
ties with the addition of zirconium to Sample 2, indicating a decrease in corrosion resistance
in the conditions of simulated seawater used in experimental tests. In the anodic range of
both curves, small increases of the current were observed, suggesting the acceleration of
the oxidation reaction due to local corrosion and repassivation processes.

The value of the cathodic current density decreased with the addition of zirconium.
Consequently, this implies that, in the simulated environment used for testing, the zirconium
acted as an inhibitor of the cathodic reaction, restricting the hydrogen evolution process.

The corrosion rate was calculated as follows:

_ IcorrKEW

CR oA

©)
where I, is the corrosion current (A), K is the constant that defines the units of corrosion
rate (3272 m/A-cm-year), E, is the equivalent weight (g/equivalent), o is the density
(g/cm3), and A is the sample area (cm?).

Table 5 shows the electrochemical values obtained with these curves. The calculated
CR data show values ranging from 2.44 x 10~% mmpy for Sample 1 to 2.80 x 10~3 mmpy
for Sample 2, representing a ~16-fold increase compared to Sample 1.

Table 5. Electrochemical parameters obtained from Tafel curves.

Econ icorl’ BC Ba Rp CR

[mV] [uA/em?] [mV/dec] [mV/dec] [kOQ-cm?] [mmpy]
Sample 1 —288 +£1 0.142 £ 0.012 104 £3 335+5 150 £+ 16 244 x 1073
Sample 2 —346 + 3 0.210 £ 0.032 121 +£4 338 +2 113 £ 12 2.80 x 1073

A more positive corrosion potential value can be observed for Sample 1 than for
Sample 2. The corrosion current (icorr) is representative of the degree of oxidation of the
alloy. A higher polarization resistance (Rp) denotes that the alloy is more resistant to
corrosion; thus, Sample 1 was more resistant to corrosion than Sample 2.

The Tafel slopes (a and 3c) were obtained through an analysis of the curve plotted in
an interval of 250 mV versus the open-circuit potential (OCP). Sample 1 showed a tendency
toward passivation because it had a value of 3, greater than (3., while Sample 2 presented a
corrosion tendency because the anodic slope was lower than the cathodic slope.
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The characteristics of the oxide layer formed on an alloy surface can be estimated by
means of the impedance technique, also known as electrochemical impedance spectroscopy
(EIS). The graphs obtained from the EIS tests are presented as Nyquist plots in Figure 6 and
Bode plots in Figure 7.

130.0
—e—Sample_1
—e—Sample_2
97.5
)
X
S 65.0
£
T
325
0.0 1 1 1
0.0 325 65.0 97.5 130.0

Re Z (KQ)
Figure 6. Nyquist diagrams for Sample 1 and Sample 2.

80

1x10°

4
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1x10°
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1x10?

20
1x10*
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—8— sample_1 |z|

—e— Sample_1 0 —e— Sample_2 ©
1x10? . .

1x10* 1x10* 1x103 1x10°
Log Freq (Hz)

Figure 7. Bode diagrams for Sample 1 and Sample 2.

As can be observed in the Nyquist plots (see Figure 6), the radius of the semicircle for
Sample 2 was smaller than that for Sample 1, indicating a low polarization resistance (a
low corrosion resistance) for Sample 2.

In the Bode vs. |Z| plot (see Figure 7), a slight shift toward a higher value of the
impedance module at the lowest frequency can be observed for Sample 1, indicating a
slightly increased corrosion resistance of this alloy. In the Bode phase plots shown in
Figure 6, a specific performance of the growth of a passive film can be observed for both
alloys. This passive layer had a capacitive behavior with a phase angle approaching 90°.
In the case of Sample 1, the higher phase angle was constant in a wide frequency band, a
phenomenon related to an increase in the effective surface area.

After analyzing the shapes of the impedance diagrams, the experimental results
could be fitted to an appropriate physical pattern consisting of an equivalent electrical
circuit (EC). This circuit consists of several series or parallel configurations of resistors,
capacitors, Warburg elements, etc. and provides the most relevant corrosion parameters
of the substrate/electrolyte system. The equivalent circuit is similar to that proposed for
Ti—xMo, Al CoCrFeNi alloys, TiO, nanofibers, and polymer electrolytes [45—-47].
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The equivalent circuit used to fit the experimental impedance data is presented in
Figure 7, and the values of the corresponding elements are shown in Table 5.

Within the circuit presented in Figure 8, the ohmic resistance of the simulated seawater
is labeled R, the resistance of the passive layer is labeled R, and the capacitance of the
passive layer is represented as Q. As a consequence of the heterogeneous thin oxide
film built up on the surface of the HEA alloys and the remarkable deviations of the Bode
diagrams, it was required to replace the “ideal” capacitance by a constant-phase element
(CPE) [48], the impedance of which is given [49] by Z = (jw) ™Y?, where j is an imaginary
number (> = —1), w is the angular frequency (rad-*~'), Y is the constant of the CPE
[S(s:rad~1)], n is the power number denoting the drift from ideal performance, n = «(7t/2),
and o is the constant-phase angle of the CPE (rad). Therefore, one of the parameters
obtained when modeling the process is the ideality coefficient “n”, in such a way that the
answer of the real process is more similar to the ideal as the value of n gets closer to unity
and, consequently, the surface is more uniform. Thus, for n = 1, the CPE element is reduced
to a capacitor with a capacitance Y? and, if n = 0, to a simple resistor [50].

11 1
Zeq ZRz ZQz '

(6)

Figure 8. Equivalent circuit to fit the impedance data.

With the aim of estimating the total impedance of the equivalent circuit, we computed
the admittance of the parallel arrangement (R,Q>) as follows [51]:

Although a constant-phase element was used to fit the experimental results, the
achieved value was considered as the capacity in the following equation:

1 1
— = — + jwC,. 7
Zo R jwCy ()

Multiplying by R, we get

_ R2 — j(WC2R22>

= : ®)
14 (WGR,)?
Once the electrolyte ohmic resistance is added, the resulting impedance is
Ry — j(wCaRy?
Zog = Ry + 2/ (0CRY) ©)

1+ (TUCQRz)Z .

R; was taken as the corrosion resistance of the analyzed HEAs. The R, values cal-
culated by fitting the experimental data with the simulated results of the corresponding
equivalent circuit are given in Table 6.



Materials 2023, 16, 1832 11 of 14
Table 6. Fitted EIS parameters using the equivalent circuit model presented in Figure 8.
Sample 1 Error % Sample 2 Error %

Ry (kQ2-cm?) 42.70 0.96 45.09 1.22

Q, Y% (5:8"/cm?) 1.20 x 10~ 1.23 1.12 x 107> 1.72

Qn 0.88 0.28 0.87 0.38

Ry (kQ-cm?) 2.57 x 107 5.40 1.47 x 10° 4.75
X2 1.18 x 1073 1.87 x 1073

This decrease in R, (and, consequently, in corrosion resistance) when adding Zr
was due to the fact that the passive film formed on the surface of the HEAs changed its
properties as a result of this addition and became thicker (Y° decreased with Zr addition).

It can be noted that the passive film resistance R, decreased with the addition of Zr
because of the increase in the number of defective spots in the film. Without Zr, the passive
film formed on the surface of the alloy was more compact and protective (see values of Y’
in the Table 6).

Doping with oversized atoms, such as zirconium, obstructs the grain coarsening
of HEA, creating a supersaturated solid solution. Tekin et al. [38] observed the in situ
formation of ZrO, through TEM analysis; in contrast, in our XRD, although we had the
peaks of the phases, these were not effective because the volume fraction of ZrO, was
below the detection limit of XRD. The formation of ZrO, explained the high corrosion rate
of Sample 2 with zirconium in comparison to Sample 1 without zirconium.

After performing the corrosion tests, the surface was covered with a thin layer of
oxide, which was subjected to SEM analyses, and the results are presented in Figure 9. The
surface of both samples was covered with a very thin and transparent layer of oxide due to
the chemical reactions during immersion in the corrosive solution. In the case of Sample 2
alloy, the oxide layer was thicker and further blurred the surface microstructure.

Sample 1 Sample 2
Figure 9. SEM image of the surface after performing the corrosion tests: (a) Sample 1 and (b) Sample 2.

On the surface of Sample 1, a dendritic microstructure under the oxide layer and some
corrosion pits were visible.

4. Conclusions

The effects of alloying with zirconium on the microstructure, elastic modulus, and
corrosion properties of a high-entropy alloy, from the CoCrFeNiMo system, were investi-
gated. A simulated corrosive solution (3.5% NaCl) was used to characterize the corrosion
behavior of these materials using electrochemical techniques.

e A brittle fracture with a cleavage-like fracture plane could be observed for both alloys.
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e  The alloy without zirconium was more resistant to corrosion, with a very low corrosion
rate (2.44 x 1073 mmpy in comparison with 2.80 x 103 mmpy for the sample with Zr).

e The resistance of the passive film decreased with the addition of Zr (from 2.57 x 107 kQ)-cm?
to 1.47 x 10° kQ-cm?) due to the increased number of defects points in the film.

e  Doping with 0.71 wt.% Zr produced grain refinement and increased the hardness but did
not increase the modulus of elasticity or corrosion resistance of the CoCrFeNiMo alloy.

Author Contributions: S.B.-G., writing—original draft preparation, investigation, and management;
J.M.-R., conceptualization and validation; V.G., investigation, writing—review and editing, and
financing; I.V., methodology, investigation, and data curation. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Romanian National Authority for Scientific Research,
CNDI-UEFISCD], through project number PN-III-P2-2.1-PED-2019-3953, contract 514PED2020: “New
ceramic layer composite material processed by laser techniques for corrosion and high temperature
applications—LASCERHEA”, within PNCDI III, and by Cabildo de Gran Canaria, project number
CABINFR2019-07, by the Spanish Ministry of Universities, and by European Union Maria Zambrano,
project number SI-1821.

Data Availability Statement: For the data supporting reported results can be asked the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yeh, JW.; Chen, SK Lin, S.J.; Gan, ].Y.; Chin, T.S.; Shun, T.T.; Tsau, C.H.; Chang, S.Y. Nanostructured high-entropy alloys with
multiple principal elements: Novel alloy design concepts and outcomes. Adv. Eng. Mater. 2004, 6, 299-303. [CrossRef]

2. Cantor, B.; Chang, L.T.H.; Knight, P; Vincent, A.J.B. Vincent Microstructural development in equiatomic multicomponent alloys.
Mater. Sci. Eng. A 2004, 375, 213-218. [CrossRef]

3. Wang, X.; De Vecchis, RR.; Li, C.; Zhang, H.; Hu, X,; Sridar, S.; Wang, Y.; Chen, W.; Xiong, W. Design metastability in high-entropy
alloys by tailoring unstable fault energies. Sci. Adv. 2022, 8, 7333. [CrossRef]

4. Yeh, ].W. Recent progress in high-entropy alloys. Eur. J. Control 2006, 31, 633-648. [CrossRef]

5. Ye, YF; Wang, Q.; Lu, J.; Liu, C.T.; Yang, Y. High-entropy alloy: Challenges and prospects. Mater. Today 2016, 19, 349-362.
[CrossRef]

6. Lopez Rios, M.; Socorro Perdomo, P.P,; Voiculescu, 1.; Geanta, V.; Craciun, V.; Boerasu, I.; Mirza Rosca, J.C. Effects of nickel
content on the microstructure, microhardness and corrosion behavior of high-entropy AlCoCrFeNix alloys. Sci. Rep. 2020, 10,
1-11. [CrossRef]

7.  Tang, Z.;Huang, L.; He, W,; Liaw, PK. Alloying and processing effects on the aqueous corrosion behavior of high-entropy alloys.
Entropy 2014, 16, 895-911. [CrossRef]

8.  Qiu, Y.; Gibson, M. A ; Fraser, H.L.; Birbilis, N. Corrosion characteristics of high entropy alloys. Mater. Sci. Technol. 2015, 31,
1235-1243. [CrossRef]

9.  Voiculescu, I; Geanta, V.; Stefanoiu, R.; Patrop, D.; Binchiciu, H. Influence of the chemical composition on the microstructure and
microhardness of alcrfeconi high entropy alloy. Rev. Chim. 2013, 64, 1441-1444.

10. Geanta, V.; Voiculescu, I.; Istrate, B.; Vranceanu, D.M.; Ciocoiu, R.C.; Cotrut, C.M. The Influence of Chromium Content on the
Structural and Mechanical Properties of AICrxFeCoNi High Entropy Alloys. Int. J. Eng. Res. Afr. 2018, 37, 23-28. [CrossRef]

11.  Fang, W.; Yu, H.; Chang, R.; Zhang, X.; Ji, P; Liu, B.; Li, J.; Qu, X,; Liu, Y.; Yin, F. Microstructure and mechanical properties
of Cr-rich Co-Cr-Fe-Ni high entropy alloys designed by valence electron concentration. Mater. Chem. Phys. 2019, 238, 121897.
[CrossRef]

12.  Wei, D.; Li, X;; Jiang, J.; Heng, W.; Koizumi, Y.; Choi, W.M.; Lee, B.J.; Kim, H.S.; Kato, H.; Chiba, A. Novel Co-rich high
performance twinning-induced plasticity (TWIP) and transformation-induced plasticity (TRIP) high-entropy alloys. Scr. Mater.
2019, 165, 39-43. [CrossRef]

13. Wei, D; Li, X.; Heng, W.; Koizumi, Y.; He, F.; Choi, W.-M.; Lee, B.-J.; Kim, H.S.; Kato, H.; Chiba, A. Novel Co-rich high entropy
alloys with superior tensile properties. Mater. Res. Lett. 2019, 7, 82-88. [CrossRef]

14. Coury, EG,; Santana, D.; Guo, Y.; Copley, J.; Otani, L.; Fonseca, S.; Zepon, G.; Kiminami, C.; Kaufman, M.; Clarke, A. Design and
in-situ characterization of a strong and ductile co-rich multicomponent alloy with transformation induced plasticity. Scr. Mater.
2019, 173, 70-74. [CrossRef]

15. Coury, EG.; Zepon, G.; Bolfarini, C. Multi-principal element alloys from the CrCoNi family: Outlook and perspectives. |. Mater.
Res. Technol. 2021, 15, 3461-3480. [CrossRef]

16. Wu, Z.; Guo, W,; Jin, K.; Poplawsky, ]J.D.; Gao, Y.; Bei, H. Enhanced strength and ductility of a tungsten-doped CoCrNi

medium-entropy alloy. |. Mater. Res. 2018, 33, 3301-3309. [CrossRef]


http://doi.org/10.1002/adem.200300567
http://doi.org/10.1016/j.msea.2003.10.257
http://doi.org/10.1126/sciadv.abo7333
http://doi.org/10.3166/acsm.31.633-648
http://doi.org/10.1016/j.mattod.2015.11.026
http://doi.org/10.1038/s41598-020-78108-5
http://doi.org/10.3390/e16020895
http://doi.org/10.1179/1743284715Y.0000000026
http://doi.org/10.4028/www.scientific.net/JERA.37.23
http://doi.org/10.1016/j.matchemphys.2019.121897
http://doi.org/10.1016/j.scriptamat.2019.02.018
http://doi.org/10.1080/21663831.2018.1553803
http://doi.org/10.1016/j.scriptamat.2019.07.045
http://doi.org/10.1016/j.jmrt.2021.09.095
http://doi.org/10.1557/jmr.2018.247

Materials 2023, 16, 1832 13 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Mavros, N.; Larimian, T.; Esqivel, J.; Gupta, RK.; Contieri, R.; Borkar, T. Spark plasma sintering of low modulus titanium-
niobium-tantalum-zirconium (TNTZ) alloy for biomedical applications. Mater. Des. 2019, 183, 108163. [CrossRef]

Wang, C.; Yu, J.; Yu, Y;; Zhao, Y.; Zhang, Y.; Han, X. Comparison of the corrosion and passivity behavior between CrMnFeCoNi
and CrFeCoNi coatings prepared by argon arc cladding. J. Mater. Res. Technol. 2020, 9, 8482-8496. [CrossRef]

Fan, R.; Wang, L.; Zhao, L.; Wang, L.; Zhao, S.; Zhang, Y.; Cui, B. Synergistic effect of Nb and Mo alloying on the microstructure
and mechanical properties of CoCrFeNi high entropy alloy. Mater. Sci. Eng. A 2022, 829, 142153. [CrossRef]

Wei, D.; Wang, L.; Zhang, Y.; Gong, W.; Tsuru, T.; Lobzenko, ; Jiang, J.; Harjo, S.; Kawasaki, T.; Bae, ].W.; et al. Metalloid substitution
elevates simultaneously the strength and ductility of face-centered-cubic high-entropy alloys. Acta Mater. 2022, 225, 117571. [CrossRef]
Wei, D.; Gong, W.; Tsuru, T.; Lobzenko, I; Li, X.; Harjo, S.; Kawasaki, T.; Do, H.-S.; Bae, ].W.; Wagner, C.; et al. Si-addition
contributes to overcoming the strength-ductility trade-off in high-entropy alloys. Int. ]. Plast. 2022, 159, 103443. [CrossRef]
Lizarraga, R.; Li, X.; Wei, D.; Vitos, L.; Li, X. The effect of Si and Ge on the elastic properties and plastic deformation modes in
high- and medium-entropy alloys. Appl. Phys. Lett. 2021, 119, 141904. [CrossRef]

Li, X.; Wei, D.; Vitos, L.; Lizarraga, R. Micro-mechanical properties of new alternative binders for cemented carbides: CoCrFeNiWx
high-entropy alloys. J. Alloys Compd. 2020, 820, 153141. [CrossRef]

Rodriguez, A.A.; Tylczak, ].H.; Gao, M.C,; Jablonski, P.D.; Detrois, M.; Ziomek-Moroz, M.; Hawk, J.A. Effect of Molybdenum on
the Corrosion Behavior of High-Entropy Alloys CoCrFeNi2and CoCrFeNi2Mo0.25under Sodium Chloride Aqueous Conditions.
Adv. Mater. Sci. Eng. 2018, 2018, 3016304. [CrossRef]

Wei, D.; Anniyaer, A.; Koizumi, Y.; Aoyagi, K.; Nagasako, M.; Kato, H.; Chiba, A. On microstructural homogenization and
mechanical properties optimization of biomedical Co-Cr-Mo alloy additively manufactured by using electron beam melting.
Addit. Manuf. 2019, 28, 215-227. [CrossRef]

Wei, D.; Koizumi, Y.; Chiba, A.; Ueki, K.; Ueda, K.; Narushima, T.; Tsutsumi, Y.; Hanawa, T. Heterogeneous microstructures and
corrosion resistance of biomedical Co-Cr-Mo alloy fabricated by electron beam melting (EBM). Addit. Manuf. 2018, 24, 103-114.
[CrossRef]

Yan, X.; Cao, W.; Li, H. Biomedical Alloys and Physical Surface Modifications: A Mini-Review. Materials 2021, 15, 66. [CrossRef]
Zaman, H.A ; Sharif, S.; Idris, M.H.; Kamarudin, A. Metallic Biomaterials for Medical Implant Applications: A Review. Appl.
Mech. Mater. 2015, 735, 19-25. [CrossRef]

Wei, C.; Luo, L.; Wu, Z,; Zhang, J.; Su, S.; Zhan, Y. New Zr-25Ti—-xMo alloys for dental implant application: Properties
characterization and surface analysis. J. Mech. Behav. Biomed. Mater. 2020, 111, 104017. [CrossRef]

Wei, D.; Li, X.; Schonecker, S.; Jiang, J.; Choi, W.M.; Lee, B.].; Kim, H.S.; Chiba, A.; Kato, H. Development of strong and ductile
metastable face-centered cubic single-phase high-entropy alloys. Acta Mater. 2019, 181, 318-330. [CrossRef]

Niu, Z.; Wang, Y.; Geng, C.; Xu, J.; Wang, Y. Microstructural evolution, mechanical and corrosion behaviors of as-annealed
CoCrFeNiMox (x = 0, 0.2, 0.5, 0.8, 1) high entropy alloys. . Alloys Compd. 2020, 820, 153273. [CrossRef]

Qiu, X. Microstructure and mechanical properties of CoCrFeNiMo high-entropy alloy coatings. |. Mater. Res. Technol. 2020, 9,
5127-5133. [CrossRef]

Liu, Y; Xie, Y.; Cui, S;; Yi, Y,; Xing, X.; Wang, X.; Li, W. Effect of Mo Element on the Mechanical Properties and Tribological
Responses of CoCrFeNiMox High-Entropy Alloys. Metals 2021, 11, 486. [CrossRef]

Sui, Q.; Wang, Z.; Wang, J.; Xu, S.; Liu, B.; Yuan, Q.; Zhao, E; Gong, L.; Liu, J. Additive manufacturing of CoCrFeNiMo eutectic
high entropy alloy: Microstructure and mechanical properties. J. Alloys Compd. 2022, 913, 165239. [CrossRef]

Geambazu, L.E.; Cotrut, C.M.; Miculescu, E; Csaki, I. Mechanically alloyed CoCrFeNiMo0.85 high-entropy alloy for corrosion
resistance coatings. Materials 2021, 14, 3802. [CrossRef]

Karlsdottir, S.N.; Geambazu, L.E.; Csaki, I.; Thorhallsson, A.L; Stefanoiu, R.; Magnus, F.; Cotrut, C. Phase Evolution and
Microstructure Analysis of CoCrFeNiMo High-Entropy Alloy for Electro-Spark-Deposited Coatings for Geothermal Environment.
Coatings 2019, 9, 406. [CrossRef]

Dong, Z.; Sergeev, D.; Dodge, M.F.; Fanicchia, F; Miiller, M.; Paul, S.; Dong, H. Microstructure and thermal analysis of metastable
intermetallic phases in high-entropy alloy CoCrFeMo0.85Ni. Materials 2021, 14, 1073. [CrossRef]

Tekin, M.; Polat, G.; Kotan, H. An investigation of abnormal grain growth in Zr doped CoCrFeNi HEAs through in-situ formed
oxide phases. Intermetallics 2022, 146, 107588. [CrossRef]

Chen, G,; Xiao, Y;; Ji, X.; Liang, X.; Hu, Y.; Cai, Z; Liu, J.; Tong, Y. Effects of Zr content on the microstructure and performance of
TiMoNbZrx high-entropy alloys. Metals 2021, 11, 1315. [CrossRef]

Shimizu, H.; Yuasa, M.; Miyamoto, H.; Edalati, K. Corrosion Behavior of Ultrafine-Grained CoCrFeMnNi. Materials 2022, 15, 1007.
[CrossRef] [PubMed]

ASTM E3-11(2017); Standard Guide for Preparation of Metallographic Specimens. ASTM International: West Conshohocken, PA,
USA, 2017.

International Organization for Standardization ISO 7438:2020 Metallic Materials—Bend Test. 2020. Available online: https://www.
iso.org/standard /72187 html (accessed on 26 July 2022).

ISO 14577-1:2015; Metallic Materials—Instrumented Indentation Test for Hardness and Materials Parameters—Part 1: Test
Method. ISO: Geneva, Switzerland, 2015.

Shun, T.T.; Chang, L.Y.; Shiu, M.H. Microstructure and mechanical properties of multiprincipal component CoCrFeNiMox alloys.
Mater. Charact. 2012, 70, 63-67. [CrossRef]


http://doi.org/10.1016/j.matdes.2019.108163
http://doi.org/10.1016/j.jmrt.2020.05.093
http://doi.org/10.1016/j.msea.2021.142153
http://doi.org/10.1016/j.actamat.2021.117571
http://doi.org/10.1016/j.ijplas.2022.103443
http://doi.org/10.1063/5.0064939
http://doi.org/10.1016/j.jallcom.2019.153141
http://doi.org/10.1155/2018/3016304
http://doi.org/10.1016/j.addma.2019.05.010
http://doi.org/10.1016/j.addma.2018.09.006
http://doi.org/10.3390/ma15010066
http://doi.org/10.4028/www.scientific.net/AMM.735.19
http://doi.org/10.1016/j.jmbbm.2020.104017
http://doi.org/10.1016/j.actamat.2019.09.050
http://doi.org/10.1016/j.jallcom.2019.153273
http://doi.org/10.1016/j.jmrt.2020.03.029
http://doi.org/10.3390/met11030486
http://doi.org/10.1016/j.jallcom.2022.165239
http://doi.org/10.3390/ma14143802
http://doi.org/10.3390/coatings9060406
http://doi.org/10.3390/ma14051073
http://doi.org/10.1016/j.intermet.2022.107588
http://doi.org/10.3390/met11081315
http://doi.org/10.3390/ma15031007
http://www.ncbi.nlm.nih.gov/pubmed/35160952
https://www.iso.org/standard/72187.html
https://www.iso.org/standard/72187.html
http://doi.org/10.1016/j.matchar.2012.05.005

Materials 2023, 16, 1832 14 of 14

45.

46.

47.

48.
49.

50.

51.

Perdomo, PPS.; Suarez, N.R.F; Verdu-Vazquez, A.; Rosca, ].C.M. Comparative EIS study of titanium-based materials in high
corrosive environments. Int. J. Surf. Sci. Eng. 2021, 15, 152-164. [CrossRef]

Socorro-Perdomo, P.P; Florido-Suarez, N.R.; Voiculescu, I.; Mirza-Rosca, ].C. Comparative eis study of alxcocrfeni alloys in
ringer’s solution for medical instruments. Metfals 2021, 11, 928. [CrossRef]

Abd El-Lateef, H.M.; Khalaf, M.M.; Dao, V.D.; Mohamed, I.M.A. Electrochemical Impedance Investigation of Dye-Sensitized
Solar Cells Based on Electrospun TiO2 Nanofibers Photoanodes. Materials 2022, 15, 6175. [CrossRef] [PubMed]

Ibris, N.; Mirza Rosca, J.C. EIS study of Ti and its alloys in biological media. J. Electroanal. Chem. 2002, 526, 53—-62. [CrossRef]
Boukamp, B.A. A nonlinear least squares fit procedure for analysis of immittance data of electrochemical systems. Solid State Ion.
1986, 20, 31-44. [CrossRef]

Lasia, A. Electrochemical impedance spectroscopy and its applications. Electrochem. Impedance Spectrosc. Its Appl. 2014, 9781461489,
1-367. [CrossRef]

Scully, J.; Silverman, D.; Kendig, M. Electrochemical Impedance: Analysis and Interpretation; ASTM International: West Conshohocken,
PA, USA, 1993.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1504/IJSURFSE.2021.116333
http://doi.org/10.3390/met11060928
http://doi.org/10.3390/ma15176175
http://www.ncbi.nlm.nih.gov/pubmed/36079556
http://doi.org/10.1016/S0022-0728(02)00814-8
http://doi.org/10.1016/0167-2738(86)90031-7
http://doi.org/10.1007/978-1-4614-8933-7

	Introduction 
	Materials and Methods 
	Material Preparation 
	Microstructural Characterization 
	Modulus of Elasticity and Microhardness 
	Electrochemical Measurements 

	Results and Discussion 
	Microstructural Characterization 
	Modulus of Elasticity and Microhardness 
	Electrochemical Measurements 

	Conclusions 
	References

