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CoCrCuFeMnNi high-entropy alloys (HEAs) were prepared by vacuum hot pressing sintered. The corrosion
behavior has been evaluated using potentiodynamic polarization measurements and electrochemical impedance
spectra (EIS). The corrosion current density (i..-) and average corrosion rate (V) of the alloys decreased with
the increase of Co content. When the Co content increased to 2.0 mol from 0.5 mol, the values of i.,, and V..
decreased to 6.95 X 10"®Acm ™2 and 0.07mmyear™ ! from 4.04 x 10 °Acm™~2 and 0.43mm year !, re-

spectively. EIS results reveal that the thickness and resistance of the passive films of Co,CrCuFeMnNi HEAs
increased with the increasing of Co content, indicating the alloy with high Co content had a good corrosion
resistance. The reasons for the improvement of corrosion resistance are related to higher the content of passi-
vation elements and FCC2 phase.

Introduction

In the early 21st century, Yeh and Cantor [1,2] developed a novel
alloy concept, that is multiple element alloy system, which are more
often called high-entropy alloys (HEAs) by the researchers because of
their high configurational entropy. The combination of multi-principle
elements usually produces four core effects, namely, high mixing en-
tropy, lattice distortion, sluggish diffusion, and cocktail effect, which
results in simple microstructure and good properties [3-8]. Up to now,
more and more attentions have been focused on the HEAs for their good
properties and extensive application prospects [9-14]. Among the
previous reported works, the corrosion behavior of the HEAs is one of
the hot spots. Back in year 2005, Chen et al. [15] first studied the
electrochemical properties of a non-equal-mole 7-component HEA of
Cug sNiAlCoCrFeSi in detail. The results indicated that the general
corrosion resistance of the HEA was superior to that of 304S in 0.1-1 M
NaCl and H,SO, aqueous solutions, but the pitting corrosion resistance
in a Cl~ environment was inferior to that of 304S. Thereafter the cor-
rosion behavior of different HEAs has been extensively studied by
various processes. In 3.5% NaCl solution, the CoCrFeNiCu, [16] and
FeCrNiCoB, [17] alloys exhibited a poor corrosion resistance. The
former resulted from the galvanic action that caused by the segregation
of Cu in interdendrite, while the later was due to the formation of
tetragonal (Fe, Cr),B that deteriorated the corrosion resistance of the
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HEA coatings. The effect of Co on the corrosion behavior of
Al,CrFeCo,CuNiTi HEAs coating in alkaline solution and salt solution
has been studied by Qiu [18]. The results shown that the HEA coatings
have an excellent corrosion resistance in 1 mol NaOH and 3.5% NaCl
solutions, which were not only related to the Co content but also the
microstructure. Lee et al. [19] have found that the Al,CrFe; sMnNig 5
alloys exhibited a wide passive region and their corrosion resistance
degraded as the increase of Al content in acidic environments. How-
ever, the anodic treatment can optimize their surface structures and
minimize their susceptibility to pitting corrosion [20]. Accordingly, the
pitting corrosion resistance of Al,CrFe; sMnNi, 5 alloys was enhanced.
Cui et al. investigated the corrosion behavior of FeCoNiCrAl [21] and
FeCoNiCrCu [22] under directional solidification in 3.5% NaCl solu-
tion. The results shown that the corrosion resistance of directionally
solidified alloys was superior to that of the non-directionally solidified
alloys.

The HEAs mentioned above were mainly fabricated by casting
methods or laser cladding. The cast alloy and coatings usually have
structural defects such as voids, porosity, etc. caused by thermal ex-
pansion and contraction [23]. In the present work, Co,CrCuFeMnNi
(x = 0.5, 1.0, 1.5, 2.0 mol) HEAs were fabricated by powder metallurgy
technique [mechanical alloying (MA)+ vacuum hot pressed sintering
(HPS)]. The corrosion behavior of the alloys in 3.5% NaCl solution was
investigated using the potentiodynamic polarization method and EIS to
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Table 1

Nominal composition of Co,CrCuFeMnNi high-entropy alloys (mol).
Alloy number Alloy Co Cr Cu Fe Mn Ni
Co0.5 Cop.5sCrCuFeMnNi 0.5 1 1 1 1 1
Col.0 Coq oCrCuFeMnNi 1.0 1 1 1 1 1
Col.5 Co; sCrCuFeMnNi 1.5 1 1 1 1 1
Co2.0 Co, oCrCuFeMnNi 2.0 1 1 1 1 1

provide a reference for its further study and application.
Materials and methods

The elemental powders of Co, Cr, Cu, Fe, Mn, and Ni (particle
sizes < 75um, purity > 99.9 wt%) were used as raw materials to
fabricate the dual-phase Co,CrCuFeMnNi (x = 0.5, 1.0, 1.5, 2.0 mol,
named as Cr0.5, Crl.0, Crl.5, and Cr2.0, respectively) HEAs. The
contents of each element are proportioned according to Table 1. Firstly,
the Co,CrCuFeMnNi HEA powders were synthesized using mechani-
cally alloying [24]. The mixed elemental powders were dry milled 45h
in a high energy planetary ball mill at 300 rpm with a ball-to-powder
weight ratio of 10:1 under an argon atmosphere. And then the powders
were wet milled 5h in ethanol. Finally, the bulk Co,CrCuFeMnNi HEAs
were sintered in ZT-25-20Y vacuum hot press furnace. The compacted
billets were sintered for 2 h under a pressure of 40 MPa at target tem-
peratures (935-946 °C), and then cooled to room temperature slowly.

The dual-phase structure were investigated through x-ray diffrac-
tion (XRD) with a Cu Ka radiation (Bruker D8, A = 0.15406 nm).
Density of the HEAs was measured with Archimedes draining method.
Potentiodynamic polarization curves were measured in 3.5% NaCl so-
lution by an electrochemical workstation (CHI660 E) at room tem-
perature, using three-electrode system with the saturated calomel re-
ference electrode (SCE), large-area platinum counter electrode, and the
polished HEAs working electrode. The area of 1.2 cm? was exposed in
the solution. Prior to the measurement, the specimen was maintained
for 15 min in the solution to stabilise the open circuit potential (OCP).
Then the EIS was carried out at the OCP with a sinusoidal potential
amplitude of 10 mV, running from 0.01 to 10°Hz. Finally, the po-
tentiodynamic polarization tests were performed at a scan rate of
10mV S~ from an initial potential of —1.5V to a final potential of
1.5V versus the OCP.

Results and discussion
Potentiodynamic polarization

Fig. 1 shows the potentiodynamic polarization curves of the
Co,CrCuFeMnNi HEAs in 3.5% NaCl solution. Limited regions of pas-
sivation can be observed on the curves, which indicates a tendency of
the alloys to passivate. Table 2 gives the corrosion dynamics parameters
obtained by linear fitting. The average corrosion rates (V) can be
calculated by Eq. (1) [15,25].

327 X 1073 X icor X EW
B D @

where V., is the average corrosion rate of alloy (in mm year '), EW is
the equivalent weight of alloy, i, is the corrosion current density of
alloy (in pAcm™2), and D is the density of alloy (in gcm™3). The D
values of C00.5, Col.0, Col.5, and Co2.0 alloys are 7.88, 7.97, 8.06,
and 8.07 g cm ~ 3, respectively. EW of the HEAs can be calculated by Eq.
(2) [15].
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where f;, n;, and a; are molar ratio, electrons exchanged, and atomic

EW =
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Fig. 1. Potentiodynamic polarization curves of the Co,CrCuFeMnNi HEAs in
3.5% Nacl solution.

Table 2
Corrosion dynamics parameters of CoyCrCuFeMnNi HEAs in 3.5% NaCl solu-
tion.

Alloys D EwW Ecorr icorr Epie Vacr
(gem™ 3 (mV) (Acm™2) (mV) (mm year D]
Co0.5 7.88 25.89 —964 4.04 x 107° -91 0.43
Col.0 7.97 26.15 —888 3.84 x 107° -88 0.41
Col.5 8.06 26.38 -785 1.11 x 107° -41 0.12
Co2.0 8.07 26.58 —787 6.95 x 107° 19 0.07

weight, respectively, of the ith alloying element. From Eq. (2), EW of
Co0.5, Col.0, Col.5, and Co2.0 alloys are 25.89, 26.15, 26.38, and
26.58, respectively. The values of V,, can be acquired based on Egs. (1)
and (2) and were also listed in Table 2.

When the Co content was 0.5 mol, E.,,, and i, were —964 mV and
4.04 x 107°Acm ™2, Epi and V. were —91 mV and 0.43 mm year_l,
respectively. As the increasing of Co content, E., and E,; increases
gradually but i, and V., decreases. When Co content increased to
2.0 mol, E, and Ey; increased to —787 mV and 19 mV, while i, and
Vur  respectively  decreased to  6.95 x 10 ®Acm™>  and
0.07 mm year ™!, respectively. The results indicates the corrosion re-
sistance of the Co,CrCuFeMnNi HEAs improves with increasing Co
content.

The corrosion resistance of the alloys is mainly affected by the
components when other conditions are the same. In the
CoxCrCuFeMnNi HEAs, the passivation ability of alloying elements
declines in sequence from Cr, Ni, Co, Fe, Mn to Cu [26]. It is clear, the
Cr, Ni and Co easily form a dense passive film to prevent further cor-
rosion of the alloys. The higher the content of passivation elements, the
stronger the corrosion resistance of the alloys. Therefore, the Co2.0
alloy has the best corrosion resistance among the alloys. Due to the
strong passivation capacity of Cr and Ni, the formation of Cr and Ni
oxide film on the surface of the alloys is effective in protecting the
HEAs. The anodic reaction is as follows [27].

2Cr + 3H,0 — Cr,05 + 6H™ + 6e 3)
Ni + 2H,0 — Ni(OH), + 2H" + 2e~ 4

When the localized impairment of the passive film occurs, pitting
corrosion advances rapidly. The localized damage on the passive film
usually occurred at weak spots (such as porosities, inclusions, me-
chanical flaws, etc.) contributed to the transport of ions. At the same
time, an anodic region is formed. The reaction is as follows.
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Fig. 2. XRD original patterns (a) and enlarge patterns from 41° to 52° patterns (b) of the sintered Co,CrCuFeMnNi HEAs.
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Fig. 3. SEM images of Co, oCrCuFeMnNi HEAs: (a) low magnification, (b) high magnification.
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Fig. 4. The (a) Nyqiust and (b) Bode plots and (c, d) the equivalent circuit representative of the electrode interface for the sintered Co,CrCuFeMnNi HEAs in 3.5%
Nacl solution.
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Table 3
EIS equivalent circuit parameters for Co,CrCuFeMnNi HEAs in 3.5% NacCl so-
lution.

Alloys R (Q Qr (UF af Rf (Q Qa1 (UF Qar R, (Q cm?)
cm?) cm™?) cm?) cm™?)

Co0.5 2.37 64.46 0.66 8.51 32.03 0.57 2.64 x 10*
Col.0 3.25 30.16 0.68 19.45 99.31 0.56 4.27 x 10*
Col.5 2.06 2.58 0.90 34.21 100.68 0.98 5.55 x 10*
Co2.0 1.09 1.64 0.94 43.98 3.43 (Cq1) - 3.20 x 10*
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Fig. 5. Relative thickness (1/Qy) and resistance (Ry) of oxide layer as a function
of Co content.

Cr,05 + 5H,0 — 2Cr,0,2~ + 10H™ + 6e 5)

Additionally, Co enhances the stability of the passive film formed by
Cr,03 and Ni(OH), through the formation adsorption layer of Co(OH),
on the surface of the alloys. Therefore, the corrosion resistance of the
alloys with high Co content is enhanced. The reaction is as follows.

Co + 2H,0 — Co(OH), + 2H*' + 2e~ 6)

Phase structure also has an important effect on the corrosion re-
sistance of the alloys. Lee [19] suggested that the corrosion resistance of
CrFe; sMnNip s alloy with a FCC structure is superior to that of
Al,CrFe; sMnNips alloys with a BCC structure. However, The
Co,CrCuFeMnNi HEAs were composed of two face-centered cubic (FCC)
solid-solution phases, one was (Fe, Cr)-rich FCC1 phase and the other
was (Co, Cu, Ni, Mn)-rich FCC2 phase, as shown in Fig. 2. As the Co
content increased, from Fig. 2b, the enhanced peak intensities of the
FCC2 phase indicated the relative content of FCC2 phase increased as
well. The relative content of FCC2 phases can be estimated by Eq. (7)
[28].

I.
2 liee) x 100%
> Lireeny + 2 Ligee) 7

RCrcca =

where Iirccry and Iircez)y are the relative intensities (excluding base-
ment) of the ith diffraction peak of FCC1 and FCC2 phases of the alloys,
respectively. The relative contents of FCC2 phases for Co00.5, Co1.0,
Col.5, and Co02.0 alloys are 70.7%, 73.7%, 75.8%, and 82.3%.There-
fore, the FCC2 phase with more Co element in solid solution is more
resistant to corrosion than FCC1 phase. Hsu et al. [16] has studied the
corrosion behavior of as-cast FeCoNiCrCu, HEAs in 3.5% NaCl solution.
The corrosion current density of the alloys is between 1.32 x 10~ ° and
3.15 x 10”8 A cm ™2 However, the corrosion current density of SPS-ed
FeSiBAINiCoy (0.2, 0.8) is about 5 X 10~ Acm ™2 [29]. It can be seen
that the corrosion current density of as-cast FeCoNiCrCu, HEAs is about
1-5 orders lower than that of HPS-ed Co,CrCuFeMnNi and SPS-ed
FeSiBAINiCo, HEAs at the same corrosion conditions. Indeed, the
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sintered alloys have more defects (such as voids and porosities), which
provide a convenient conditions for corrosion. Fig. 3 shows the mi-
crostructure of Co, o HEAs. Some voids can be observed in the low-
magnification image (Fig. 3a), and the FCC1 and FCC2 phases can also
be identified from the high-magnification image (Fig. 3b). Compared
with as-cast HEAs, therefore, the sintered HEAs have an inferior re-
sistance to corrosion.

Electrochemical impedance spectroscopy

Fig. 4 shows the EIS results of Co,CrCuFeMnNi HEAs in 3.5% NaCl
solution and their equivalent circuit diagrams. Table 3 lists the related
parameters of the equivalent circuit diagrams, where Ry, Ry, and R, are
the resistances of the solution, oxide layer, and absorption layer, Qsand
Qg are the capacitances of constant phase element (CPE) for oxide layer
and absorption layer, and Cg is the capacitance of the absorption layer,
respectively. The CPE exponent a is a measure of the capacitance dis-
persion with values between 1 (ideal capacitance) and 0.7 (highly
dispersed capacitance, such as at porous electrodes). Based on the
Helmholtz model [30], the oxide layer thickness can be expressed as d,
the d=eeS/Q;, where g, is the permittivity of a vacuum
(8.85 x 10*Fem ™), ¢ is the dielectric constant of the medium, and S is
the surface area of the electrode. The value of d is proportional to 1/Qs¢
if we assume that the € and S for all oxide layers are the same. The
values of 1/Qrand Ry are presented in Fig. 5 as a function of Co content.
It can be seen that the thickness of oxide layers (d) and the resistance of
the oxide layers (Ry) decreased with the increasing of Co content. This is
reasonable because the thicker the oxide layers, the greater the re-
sistance of the oxide layers. In addition, the CPE exponents as and a4
increased as the increase of Co content, which indicates that the oxide
film formed on the surface of the alloys with low Co content is more
porous, and thus shows relatively poor corrosion resistance.

According to Fig. 4c and d, the Co2.0 alloy reveals a component of
capacitance in the equivalent circuit. In previous research, the alloys
containing Ni and Co readily form Ni(OH), and Co(OH),, which are
aggregated on the surface of the alloys and effectively increase the
amount of the ions in the adsorption layers. Therefore, the value of Qg
increases with the Co content. When the Co content is 2.0 mol, the
capacitance appears in the equivalent circuit (as shown in Fig. 4d),
indicating that the adsorption layers has an ideal status, such as good
compactness and homogeneity. It benefits the improvement of corro-
sion resistance of the alloys.

Conclusions

The corrosion resistance of the Co,CrCuFeMnNi HEAs in 3.5% NaCl
solution increased with the increasing of Co content. The E.u, icor, and
Var Of C00.5 alloy were —964mV, 4.04 x 10 °Acm 2 and
0.43mmyear™ !, respectively. When the Co content increased to
2.0 mol from 0.5 mol, the values of i.,,, and V,,,, respectively decreased
to 6.95 x 10"® Acm ™2 and 0.07 mm year ~ !, which indicates that the
Co2.0 alloy has the best corrosion resistance among the alloys. Good
corrosion resistance for the Co2.0 alloy attributes to higher the content
of passivation elements and FCC2 phase. EIS results show that the
thickness and resistance of the passive films of Co,CrCuFeMnNi HEAs
increased with the increasing of Co content, indicating the alloy with
high Co content has a good corrosion resistance. This is consistent with
the results of potentiodynamic polarization.
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