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Abstract

This paper investigates the effects of ordered and disordered structures on the corrosion
resistance of CoCrNi medium-entropy alloys based on first-principle calculations. The
adsorption energy results show that O atoms are more favorable to stabilize the FCC sites
in the ordered Lio structure, indicating that the ordered structure is easier to form a
passivation film. O atoms were found to be favored to stabilize at the adsorption sites
with more Cr atoms on the surface of both structures CoCrNi(111). In addition,
CoCrNi(111)/Cr203(0001) interfacial binding energy calculations showed a stronger
interaction between the ordered Lio structure and the metal oxide film. The above
results indicate that different alloy structures affect the corrosion resistance of CoCrNi
medium-entropy alloys, and the ordered structure has stronger corrosion resistance.
The results of this paper can provide theoretical references for the design of corrosion-
resistant alloys.
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1. Introduction

Medium entropy alloy (MEA) is an emerging metallic material, which usually consists of a variety
of elements with equimolar or nearly equimolar atomic fractions, and it has a unique microstructure
and many excellent properties[1]. Among the many medium-entropy alloys, the FCC CoCrNi MEA
has attracted extensive attention from researchers because of its outstanding mechanical properties.
Wu et al [2] show that the FCC CoCrNi MEA exhibits the best mechanical properties in the
temperature range from -196°C to 400°C. Lu et al [3] show that compared to the CoCrFeMnNi high
entropy alloy, CoCrNi MEA has higher strength and excellent fatigue resistance. Yoshida et al [4]
comparatively investigated the frictional stress and Hall-Petch relationship between CoCrNi MEA
and Ni-40Co alloy, and the results showed that CoCrNi MEA has higher frictional stress.

CoCrNi MEA not only has high mechanical properties, but it also exhibits excellent corrosion
resistance and passivation properties. Shang et al [5] showed that the NiCoCr alloy exhibited the best
corrosion resistance in both 0.1M NaCl and 0.1M HCI solutions. Feng et al [6] showed that CrCoNi
coating in 3.5wt% NaCl solution and 0.5 M H2SO4 solution has excellent corrosion resistance and
passivation film stability. Zhu et al [7] showed that CoCrNi has superior corrosion resistance than
316L stainless steel, which is mainly related to its passivation film density and stability.

A large number of research on passivation films of CoCrNi MEA has focused on how to improve the
corrosion resistance of the alloys by adjusting the composition[8-9]. For example, Wang et al [10]
revealed that high Cr content and thicker passivation films resulted in higher corrosion resistance of
CoCrNi in acidic solutions. However, studies on the passivation properties of CoCrNi MEA by
ordered and disordered structures are rarely reported. In this work, we investigated the effects of
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ordered and disordered structures on the passivation film formation ability of CoCrNi MEA based on
first principles calculations to determine the difference in corrosion resistance of CoCrNi MEA with
different structures.

2. Theoretical Methods and Calculation Models

All calculations are performed with the Vienna Ab-initio Simulation Package (VASP). The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation function under the generalized gradient approximation
(GGA) and the projected affixed plane-wave (PAW) pseudopotential were used. The cutoff energy is
450 eV, using a 2 x 2 x 2 Gamma-centered k-point grid. The energy and force convergence criteria
were set to 1 x 107 eV and 0.02 eV/A. To avoid the influence of interatomic interactions on the
results of the calculations and to reflect the periodicity of the supercell model, a vacuum layer of 15A
is set up in the direction of the z-axis of the model. For the optimization calculations concerning the
transition metal oxide Cr2O3, the DFT+U method was used for the 3d electrons of Cr, with an effective
on-site Coulomb interaction parameter of Ueff = U-J = 3.7 eV.
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Figure 1. (a) Lio CoCrNi MEA, the inset shows the energy comparison of the Lio structure when
Co, Cr, and Ni are the atoms at the face-centered sites. (b) FCC CoCrNi MEA.

The ordered structure of CoCrNi medium entropy alloy was used FCC-Lio, and the disordered
structure of CoCrNi was used FCC. The structure was constructed using atomsk. Based on the
characteristics of the FCC-Lo structure, a structural model was constructed with Co, Cr, and Ni as
the atoms in the face-center positions, and the remaining two types of atoms randomly occupying the
top corners and the bottom centers in the same proportions, with 20 structures of each type constructed
and a total of 60 structures constructed. The energies were calculated and ranked separately, and the
structure with the lowest energy was selected for subsequent calculations. The construction of FCC
bulk structure model was also randomly constructed with 20 structures, the energies were calculated
and ranked separately, and the structure with the lowest energy was selected as the final model. Both
structures of CoCrNi MEA are constructed as 3x3x3 supercells containing 108 atoms. The result is
shown in Figure 1.

The CoCrNi(111) surface model of FCC, Lio, was constructed using atomsk and contains 6 layers of
atoms with a total of 108 atoms. The structural model is shown in Figure 2. The Lio CoCrNi(111)
supercell model was constructed concerning the calculations above. The bottom 4 layers were fixed
to simulate the bulk phase and 2 layers of atoms on the surface were released. The adsorption energies
were calculated by considering four possible adsorption sites for O atoms on the surface of both
structures of CoCrNi(111): the Top site, the Bridge site, the FCC hollow site, and the HCP hollow
site. The adsorption energies were calculated by placing O atoms at different adsorption sites on the
surfaces of CoCrNi(111) with FCC and Lo structures. The adsorption energy was calculated by the
following formula.

Ead = Estab/o — Eo — Esiap
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where Esiab/o is the total energy of the system with O atoms adsorbed on the surface, Eciear is the total

energy of the supercell without adsorbed O atoms, and Eo is the energy of the oxygen atom, which is
half of the energy of the O molecule used here.

For the interface model construction, the FCC, Lig structure of CoCrNi(111) surface are used 1x1x6
supercell structure, which contains a total of 24 atoms. The Cr,O3 bulk phase structure model is
obtained from the Material Project database, and its (0001) crystalline surface is selected to construct

the interface. All models were subjected to structural relaxation to reach a steady state after
construction.
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Figure 2. (a) FCC CoCer MEA supercell (b) Lio CoCrNi MEA supercell. (¢) FCC CoCrNi(111)
adsorption sites. (d) Lio CoCrNi(111) adsorption sites. (¢) FCC CoCrNi(111)/Cr203(0001) interface
structure.(f) Lio CoCrNi(111)/ Cr203 (0001) interface structure.

3. Results and Discussion
3.1 O Adsorption Energy on FCC CoCrNi(111) Surface
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Figure 3. (a) Adsorption energy distribution on the surface of FCC CoCrNi(111). (b) Variation of

adsorption energy at TOP sites. (¢) O adsorption energies for environments with different contents

of metal atoms at the FCC site. (d) O adsorption energies for environments with different contents
of metal atoms at HCP sites.

The adsorption of O atoms on the surface of FCC CoCrNi MEA was first analyzed. The calculation
results are shown in Figure 3, it is not difficult to find that the adsorption energies of O atoms at all
sites on the surface of the FCC structure CoCrNi(111) are negative, indicating that the O atoms can
be stabilized in the stabilized adsorption on the surface of the FCC structure CoCrNi(111) supercell.
Visualization of the stabilized structure after relaxation reveals that the O atoms initially located at
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the Bridge site, with Co and Ni as terminal TOP sites, migrate to the adjacent FCC and HCP sites
after stabilization, while the O atoms at the remaining positions are not shifted. Therefore, O atoms
can be stabilized on the surface of FCC CoCrNi(111) supercells adsorbed at FCC, HCP, and TOP
sites terminated by Cr atoms. As shown in Figure 3, the variation of adsorption energy is analyzed
when the content of metal atoms in different sites is different. Firstly, for the TOP sites, the sites
terminated with Cr atoms have the lowest adsorption energy and show the highest stability of O
adsorption. In the FCC sites, the O atoms show higher stability at higher Cr atom content. At the HCP
sites, the highest adsorption stability is shown at the sites with higher Cr atom content.
Thermodynamically, it is shown that the most favorable adsorption site for O atoms on the surface of
FCC structural alloys is the TOP site terminated by Cr atoms. Apart from this, the lowest adsorption
energy was observed at FCC and HCP sites both with high Cr atom content.

3.2 O Adsorption Energy on Lio CoCrNi(111) Surface

The adsorption energies of O atoms at all sites on the surface of Lo CoCrNi(111) alloy are negative,
indicating that O atoms can be stabilized on the surface of Lio CoCrNi MEA. From Figure 4, it is
easy to find that the O atom has the lowest average adsorption energy when it is at the FCC site. The
same visualization of the adsorption structure after relaxation reveals that the O atoms initially at the
Bridge site, as well as Co and Ni as terminal TOP sites, migrate to the adjacent FCC and HCP sites
as well and that O can be stably adsorbed in Lio alloy at the FCC, HCP, and TOP sites terminated by
Cr atoms. The change in the alloy structure did not affect the types of sites where O atoms are
favorably adsorbed. The change in adsorption energy of O atoms at the same site type on the alloy
surface but in different adsorption atom environments was further analyzed. As shown in Figure 4, at
TOP sites, Co and Ni have relatively low adsorption energies when they are terminals, but due to the
migration of O atoms from these sites to the neighboring FCC and HCP sites after relaxation.
Therefore, the favorable adsorption atomic environments for O atoms at TOP sites are Cr atom
terminated. O atoms adsorbed at HCP sites have the lowest adsorption energy in environments with
high Cr content. O atoms adsorbed at FCC sites are most favorable for adsorption at sites with high
Cr atom content. The overall comparison reveals that O atoms have the lowest average adsorption
energy at the FCC site, and in Lo CoCrNi MEA, O atoms similarly show a tendency to adsorb at sites
with higher Cr atom content.

24 2.4

@ ®

27rF

530+

Adsorption energy{eV)
Adsorption energy{eV)
h-.)

G g f) 5 B % B Xy . ‘

0 10 20 30 40 50 60 70 80 - Co Cr Ni

Site

2.4 -2.4

HCP ® Co® Cr e N (c) FCC ® co® e N (d)
27k

S0 @ e a0
L e $ &

Adsorption energy(eV)
L 4
PYR

Adsorption energy(eV)

-4.2

Figure 4. (a) Adsorption energy distribution on the surface of Lip CoCrNi(111). (b) Variation of
adsorption energy at TOP sites. (¢) O adsorption energies for environments with different contents
of metal atoms at the HCP site. (d) O adsorption energies for environments with different contents

of metal atoms at FCC sites.
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3.3 Comparison of Adsorption Energies of Different Structures

The adsorption stability of O on the metal surface is crucial for the formation of oxide films, and the
ease of passivation film formation of different structural alloys was assessed by comparing the
adsorption energies indicated by O atoms on the FCC structure and the Lio structure CoCrNi MEA.
The results are shown in Figure 5, where O atoms exhibit the lowest adsorption energies at the FCC
sites on the surface of L1o CoCrNi(111). In addition, the average adsorption energy of O atoms on the
surface of the Lio alloy was lower than that of the FCC alloy. Therefore, O atoms are more favorable

to be adsorbed on the surface of Lio alloys, and Lio CoCrNi MEA are more prone to forming metal
oxide passivation films on the surface.
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Figure 5. (a) O adsorption energy at CoCrNi(111) surface sites. (a) FCC structure. (b) Lio structure.
3.4 CoCrNi(111)/Cr203(0001) Interface Energy

The main component of the CoCrNi MEA passivation film is an oxide of the metal Cr, Cr,O3, which
limits the diffusion of O atoms into the alloy and hinders the diffusion of the metal cations outward,
thus serving to improve the corrosion resistance of the metal. The corrosion resistance of an alloy and
its service life is closely related to the bond strength between the surface oxide film and the base
material [11]. To further evaluate the corrosion resistance of different structures of CoCrNi MEA, the
interfacial bonding energies of the FCC and Lo CoCrNi (111) surfaces and Cr203(0001) surfaces
were calculated. The calculation results are shown in Table 1, the larger the interfacial bonding energy
is, the more stable the formed interfacial structure is. Therefore, from the data in the Table 1, it is
easy to see that the Lio CoCrNi(111)/ Cr203(0001) interface has greater stability. That is, the bonding

ability between CoCrNi MEA with Lo structure and passivation film is stronger, indicating that its
corrosion resistance is superior.

Table 1. CoCrNi(111)/Cr.03(0001) interface energy.

Eotal (€V) a/b (A) | Area (A?) Eudhesion(€ V/A?)
FCC CoCrNi(111) -166.64 a=4.98 21.46
b=4.98
Lio CoCrNi(111 -180.97 a=4.98 21.39
b=4.96
a-Cr203(0001) -107.67 a=5.04 21.67
b=5.04
FCC CoCrNi(111)/Cr:05(0001) 29170 | a=4.99 21.57 0.81
b=4.99
L1o CoCrNi(111)/Cr05(0001) -307.05 Ezj.zz 21.53 056
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4. Conclusion

In this study, the effect of ordered and disordered structures on the ability to form passivation films
of CoCrNi MEA with equal atomic ratios was investigated. The results show that O atoms are favored
to stabilize in FCC, HCP, and TOP sites terminated with Cr atoms in both structured CoCrNi MEA.
Among them, the most favorable adsorption site for O atoms in the FCC structural alloy is the TOP
site terminated by Cr atoms, and the most favorable adsorption site in the Lo structural alloy is the
FCC site. The results of interfacial binding energy calculations show that the bonding energy between
the ordered structure CoCrNi(111) surface and Cr,O3(0001) surface is stronger. The above results
indicate that the ordered structure CoCrNi MEA has stronger corrosion resistance compared with the
disordered structure. The research results in this paper can provide theoretical guidance for the design
of high corrosion-resistant medium entropy alloys.
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