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Abstract

Multi-principal element alloys (MPEAs), also known as high entropy alloys, are often
designed to be equiatomic from entropy considerations. We show that relaxing such constraint
could lead to enhanced mechanical and surface properties, which is critical for applications of
MPEAs under complex environment where both stress and corrosion attacks occur.
Specifically, using spin-polarized density functional theory calculations, the effects of
chromium (Cr) concentration on the mechanical and surface properties of CoCrFeNi with ~ 16,
25, and 34 at.% Cr were studied. It was found that Cr plays significant roles in affecting both
mechanical properties and surface reactivity. Alloys with higher Cr percentage showed higher
Young’s modulus and Poisson’s ratio, as well as higher chemical activity of surface Cr atoms.
Overall, a non-equiatomic composition of Co2,Crz4Fe»Niz, was predicted with simultaneously

optimized strength and surface reactivity.
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1. Introduction

Multi-principal element alloys (MPEAs), also known as high entropy alloys, are often
composed of four or more principal elements with equal concentrations, distinct from
conventional metals with typically one principal element '-*. MPEASs are attracting increasing
research interest lately due to their outstanding thermal, mechanical, and corrosion properties
412 especially promising as the next-generation structural materials for applications under
complex environments % >3, While current research on MPEAs often focuses on optimizing
one type of material property, especially mechanical properties (including strength, ductility,
toughness and creep resistance) * %18 little work has been done in designing alloys with
simultaneously optimized mechanical and surface properties such as corrosion resistance !°-23,
which is essential for future application of MPEAs in offshore infrastructure, transformation,
aerospace, energy and biomedical industries where both stress and corrosive environment are
present. In this work, we present a computational study towards the development of strong and
corrosion-resistant MPEAs by calculating composition-dependent mechanical properties (i.e.
elastic constants) and surface reactivity (e.g. electron work function and density of electronic
states), to identify an optimum alloy composition that might differ from the commonly studied
equiatomic composition from only entropy considerations 2*25. As shown later, there exists a
complex compositional-depednece of the mechanical and surface properties of MPEAs, and the
identified optimum composition indeed has better characteristics than the equiatomic
composition.

In this study, we focus on CoCrFeNi alloys, a family of widely studied MPEAs with
high thermal stability and simple crystal structure (i.e. face-centered cubic solid solution),

26-28 Past research

which have also been used as a base system for a variety of other MPEAs
shows that the cocktail effects of MPEAs leads to a complex composition-structure-property
relationship, further challenging the design of strong and corrosion-resistant MPEAs. For
example, Wu et al. 2 and Gludovatz et al. 3° showed that the nature of the constituent elements,
rather than the number of principal elements, is important for the mechanical properties and
damage tolerance of CoCrFeNi-based MPEAs. For example, Wu et al. 2% showed that both the
strength and ductility of NiCoCr is higher than those of FeNiCoCrMn (aka cantor alloy), as
well as various other four-element MPEAs (e.g. FeNiCoCr, FeNiCoMn, NiCoCrMn). In this
alloy system, Cr was identified to be the most potent strengthner, whose addition increases the
stacking fault energy of the alloy and promote martensitic transformation instead of
deformation twinning 2. In terms of surface reactivity such as corrosion and oxidation
resistance, much fewer studies have been reported for this system to date as compared to those
on mechanical properties. Koga et al. 2! showed that Cr-rich (25 - 45 at.% Cr) CrCoNi alloys

exhibit high corrosion resistance in simulated seawater, outperforming conventional austenitic

stainless steels and Ni-based superalloys. Kim et al. 3! demonstrated that high-temperature
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oxidation behavior of CrCoFeNiMn MPEAs is largely affected by Cr and Mn elements due to
their dominance in surface oxidation. Gao et al. 32 showed that Cr is a highly reactive element
on the surface of CrMnFeCoNi and CrFeCoNiPd MPEAs, leading to the formation of spinel
MnCr;04 oxide scale at the presence of Mn and the formation of rutile CrO, when Mn is
replaced by non-reactive Pd in the alloy. All together, these past research highlights the great
potential of tuning Cr-content in MPEAS to simultaneously tailor their mechanical and surface
properties.

The goal of this research is to study the effects of Cr concentration on the mechanical
and surface properties of CoCrFeNi system and establish a composition-property relationship.
The Cr content of the alloy was varied, while the other principal elements (i.e. Co, Fe, and Ni)
were kept equiatomic. For mechanical properties, the Young’s modulus (E), Bulk modulus (B),
Shear modulus (G), Poisson’s ratio (v), and B/G ratio were calculated. For surface chemical
stability, the electron work function (EWF) of the alloys was calculated. EWF is the minimum
energy required to extract an electron from a solid at Fermi level to a point in vacuum. EWF
reflects the difficulty of changing electronic states and has been found to correlate with
corrosion resistance experimentally 33-3%. Typically, given a similar microstructure, a higher
EWF contributes to a more stable electronic state and better corrosion resistance *¢. For
example, Luo et al. *° showed that EWF carries the information on the surface electron behavior
and overall corrosion properties of multiphase low-carbon steel. They found that alloys with
higher EWFs exhibit higher mechanical strength and larger resistance to corrosion due to
stronger overall confinement to electrons and stronger bonding stability. Wang et al. ¥’ studied
the corrosion behavior of CoCrFeMnNi high entropy alloy films experimentally, and found that
the ones with surfaces with higher EWF is more hydrophobic and corrosion resistant in 3.5
wt.% NaCl solutions. Hasannaeimi et al. 3® showd that in multiphase AlICoCrFeNi high entropy
alloys consisting of eutectic B2 and L1, phases, the L1, phase was more corrosion resistant
locally due to its higher EWF. Nonetheless, it should be pointed out that deviation from this
general trend has also been reported, such as in Ti-Zr-Be-(Ni-Fe) metallic glasses 3°,
highlighting the challenges in correlating microstructure, surface chemistry and corrosion
behaviours, especially for alloys with complex disordered structure and multiple consitituing
elements. We also note here that EWF is used as a a general indicator for surface chemical
reactivity here, while the calculations of more specific corrosion or electrochemical parameters

such as electrode potential, hydroxyl and oxygen adsorption energies etc. 4042

requires
consideration of the specific corrosive environment of interest (e.g. aquesous, high temperature,
hydrogen-containing, liquid metal environment), and thus are beyond the scope of the current

work.



2. Results and Discussion
2.1.Structure and lattice constant

Three alloy compositions were studied using Vienna ab initio simulation package
(VASP): CoasCrisFexsNizs, CoasCrasFeasNizs, Co2CriaFexnNiz, where the Cr percentage was
varied from ~16 at.%, 25 at.%, and 34 at.%, while the other elements remain in equal
concentrations. These alloys are referred as Cr16, Cr25, and Cr34 for simplicity hereafter. See
calculation details in Section 4. Fig. 1 shows the constructed special quasirandom structure
(SQS) cell and the calculated total energy as a function of the lattice constant. Table 1 lists the
equilibrium lattice constant (d), which was calculated from the lowest energy point. It can be
seen that d increases slightly with Cr%, from 3.56 A for Cr16 to 3.53 A for Cr34 alloy. Among
all principal elements, Cr has a relatively large atomic size of 1.40 A, as compared to Ni (1.35
A), Fe (1.40 A), and Co (1.35 A), thus the change in d contradicts the rule of mixture (ROM)
43. 44 In addition, the calculated results of Cr25 alloy (3.54 A) are in good agreement with
previous reports from DFT calculations (e.g. 3.547 A from Ref %’ and 3.534 A from Ref %), as

well as prior experimental measurements (3.559 A from Ref #).

2.2.Magnetic properties

One important consideration of the calculation is the paramagnetic or ferromagnetic
properties of the principal element Fe, Co, and Ni #-!_ which cannot be neglected for alloys
containing 50% or more magnetic elements >33, As reported by Guan et al., antiferromagnetic
elements like Cr plays an important role in the total average magnetic moment and can affect
defect formation of CoCrNi-based alloys **. Lu et al. found that the interfacial energy was
greatly affected by magnetic effects at the Ni (111)/Cr (110) interface 3. In general, more
magnetic elements will lead to higher magnetization 3 %, and consequently affecting the
precision of mechanical properties calculation. In this work, the spin-polarized calculation was
applied to account for the magnetic effects of all elements in the alloy, which was found to
greatly improve the accuracy of calculated properties, as detailed afterwards. Fig. 2 and Table
S1 (Supplemental Materials) summarizes the calculated magnetic property results. In the
literature, spin-polarization was sometimes neglected with relatively large cell in DFT, because
it is time-consuming to compute, and it was argued that Cr has a reduction effect on magnetism
when paired with Co/Fe/Ni . However, energy is indeed varied between the results with or
without the spin-polarized method, as shown in both previous work *® and our results (presented
later in Table 2). Fig. 2 shows that Cr of all alloys exhibit negative magnetic moment and
shows a reduction effect on magnetism. With more Cr content in the alloy, the total average
magnetic moment of Cr16, Cr25 and Cr34 decreases from 0.99 pg to 0.41 pg. Comparing our

results with previously reported first principle calculations 3, it can be seen that though the
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magnetic moment of Cr changes when other element is added into the CoCrFeNi base alloy, it
is always the lowest among all. We argue that since mechanical calculations using the energy-
strain method ® are highly sensitive to the accuracy of energy calculation, it is important that
magnetic effects are included in the DFT calculation. To compensate for the high computational
cost due to the complicated structure of the CoCrFeNi system, here we included spin-polarized

calculation in our large CoCrFeNi system with relatively lower k-points and energy cut-off.

2.3.Mechanical properties

The mechanical properties were calculated using the spin-polarized method discussed
above, and found to be in great agreement with previous experimental results ¢!, especially for
the shear and Young’s modulus, as shown in Table S1 (Supplemental Materials) for all the
alloys and Table 2 for Cr25 alloy. Specifically, Table 2 shows that the calculated elastic
constants were overestimated without spin-polarization. For example, when using the same k-
points and energy cutoff, Young’s modulus (E) of 387 GPa was calculated for Cr25 without
spin-polarization, vs. 226 GPa with it, the latter of which agrees much better with the
experiments (214 GPa, room temperature °!). A higher k-points of 7x7x7 and energy cutoff 450
eV without spin-polarization was applied for comparison, which gave a B/G ratio 2.18, greatly
deviating from experiment observation (B/G = 1.65) and calculated results using spin-
polarization (B/G = 1.75).

Fig. 3(a) summarizes the calculated modulus of all samples and Fig. 3(b) summarizes
the B/G ratio and Poisson’s ratio (v), which can be related to the propensity for ductility and
formability of the material %% . For example, a B/G ratio of 1.75 was found to be a critical
value, above which, materials tend to have ductile instead of brittle behavior % 3. Poisson’s
ratio (v), on the other hand, is used as another criterion for ductility, as it reflects material’s
stability against shear stress and higher Poisson's ratio often means better formability 4.
Interestingly, alloy Cr25 exhibited the highest E and G, yet the smallest B of all samples,
resulting in the lowest B/G ratio of 1.75. In addition, this equiatomic compositional alloy also
shows the smallest v. On the other hand, Cr34 alloy shows the highest B (181.804 GPa) and
highest B/G ratio (2.096) of all samples. In all three compositions, Cr25 alloy shows the highest
while Cr16 shows the lowest stiffness; Cr34 alloy shows the largest while Cr25 shows the
smallest ductility. Considering both properties, Cr34 is identified to be an optimum composition
for both high stiffness and propensity for ductility. It is also interesting to note that the predicted
trend of v and B/G as a function of composition differs from the ROM calculations, as shown

in Table 3.

2.4.Surface reactivity analysis



The surface reactivity of all samples is evaluated via EWF calculations, which provides
a measurement of surface chemical stability against reactions such as corrosion and oxidation
65, As dissussed in the introduction, and also pointed out by Wang et al. ® and Huang et al. 7,
alloys (e.g. CoCrFeNi-based alloy) with a higher EWF tend to exhibit a higher corrosion
resistance. Table 1 and Fig. 4 summarize EWF of (100), (110), and (111) surfaces of the three
alloys. In all materials, (111) surfaces show the highest EWF, while (110) surfaces exhibit the
lowest EWF, indicating that the later is the most chemically active. In terms of the
compositional effect, examining the easiest reactive plane (110), the EWF was found to
increase monotonically with Cr%, from 4.164 eV for Cr16 to 4.181 eV for Cr34. This trend can
not be simply estimated from the ROM predictions of the constituting elements, as shown in
Table 3. Note that such a ROM rule was found previously to work well for binary Cu-Ni solid
solutions from prior experimental study ¢’. Such observations further highlights the necessity
of different design rules for MPEAs than that of traditional alloys.

To further understand the effects of Cr percentage on the surface reactivity, density of
states (DOS) and d-band center were calculated, which were often related to surface chemical
activity such as reaction and adsorption in a corrosive environment ¢ % For example, the
surface chemical reactivity of transition-metals has been often understood in terms of the
adsorption of environmental atoms and molecules onto metal surfaces via the d-band model °,
which indicates a scaling relationship between atom/molecule adsorption energy and the d-
band center, and successfully confirmed by a series of X-ray spectroscopy experiments . For
example, the O adsorption energies increase (i.e. the absolute values decrease) for Au and Pt
surfaces as the d-band center shifts in the negative direction 7°. Typically, a negative adsorption
energy indicates that the adsorption was thermopositive and a large absolute value of adsorption
energy indicates more stable adsorption 7> 73, Alloying can be a strategy to tailor d-band center
of metals 74, and it is indeed observed from our calculations. Density of states (DOS), oxidation
state and d-band center of Cr on (110) surfaces are shown in Fig. 5, and the total and partial
DOS of all the constituting elements are shown in Fig. S1 (Supplemental Materials). Fig. 5(a)
shows the normalized partial density of state (PDOS) of Cr in Cr16, Cr25 and Cr34, where E-
E¢r=0 eV represents the Fermi level. It can be seen that with increasing Cr contant in the sample
(from Crl6 to Cr34), the d-band center of Cr moved further away from the Fermi level,
suggesting an increase in Cr chemical stability 7>. From Fig. S1 and the d-band center results
in Table 4, it can be seen that Co, Fe and Ni all have negative center position and are not
sensitive to the composition change, whereas the Cr d-band center decreases monotonically
from -0.08 eV in Cr16 to -0.39 eV in Cr34, as plotted in Fig. 5(b). Such surface states indicates
that Cr is the preferred adsorption site for environmental atoms/molecules (e.g. oxygen and
water), and the most reactive sample is Crl16 while the least reactive is Cr34 alloy. This trend

also agrees with the Richardson-Ellingham diagram, where the oxidation of Cr has the smallest
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Gibbs free energy in all oxidation reactions of principal elements 76. This behavior is also
consistent with previous X-ray spectroscopy characterization of the native oxide and passive
films of CoCrFeMnNi 77, where Cr (hydr)oxide were found to be dominant, followed by Fe,
Mn, and Co oxides. Preliminary calculations of Pourbaix diagram (Supplemental Materials
Fig. S2) of these three alloys also confirms the dominant roles of Cr in the formation of oxides
such as Cr,O3, CoCr204, FeCr,04 in neutral to basic water. In terms of oxidation state, we note
that the Bader charge of Cris +1.51 in CrO,, which corresponds to the +4 oxidation state. Linear
interpolation was adoped to estimate the Cr oxidation state using the Bader charge of alloys
and CrO;. Cr in Cr34 is found to be less oxidized and exhibits higher reducibility in oxidizing
environments. Prior experimental study 7® on the passive layer of CoCrFeNi indicated that
higher Cr concentration enhanced the passive layer stability. According to these results, Cr34
composition, rather than the equiatomic composition of Cr23, is predicted to be more corrosion-
resistant. These results also indicate that the local environment of Cr, e.g. which are its
neighboring atoms, greatly affect its chemical reactivity. Summarizing the alloying effects on
surface chemical reactivity, the calculated results thus suggest that the Cr%, rather than the
other elements, is the most important for corrosion resistance. Finally, the composition-
mechanical-surface property relationships are summarized in Fig. 6. Overall, C34 composition
is predicted to the optimum, which exhibited the highest ductility (as indicated by B/G and
Poisson’s ratio), relatively high Young’s modulus, and the highest EWF among all

compositions studied here.

3. Conclusions

In summary, we found that Cr content greatly affected both mechanical and surface
chemical properties of CoCrFeNi MPEAs. Young’s modulus and ductility (as indicated by B/G
and Poisson’s ratio) were higher in alloys with larger Cr percentage, and EWF increased
monotonically with Cr percentage. Additionally, Cr was found to be the preferred reaction site
while the surface reactivity decreased with increasing Cr content, indicating an increase of
corrosion resistance. Towards the design goal of achieving high strength and corrosion
resistance, Cr34 is thus predicted to be the optimum composition among those studied.
Computationally, we found the use of spin-polarization method is necessary for calculating
CoCrFeNi properties with good accuracy. The addition of spin-polarization often requires a

balance between other calculation parameters, such as unit cell, cut-off energy, and k-points.

4. Methods
4.1. DFT calculations
Vienna ab initio simulation package (VASP) 78 and projected augmented plane-wave

(PAW) implementation were used for all calculations. Structure optimization was performed
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using the Perdew-Burke-Ernzerhof (PBE) version of the generalized gradient approximation
(GGA) of the exchange-correlation functional 8!, with an energy cutoff 400 eV for the plane-
wave basis set. The supercell structure was relaxed until the Hellmann-Feynman forces on each
atom was less than 0.03 eV/A and an energy convergence criterion of 10~ eV was used. Special
quasirandom structure (SQS) method proposed by Zunger et al. ¥ was used in this work to
create periodic random alloy cells of CoCrFeNi via the alloy theoretic automated toolkit

(ATAT) package .

4.2. Mechanical properties calculations

Mechanical properties were calculated over a 32-atom cell with 4x4x4 Monkhorst-
Pack mesh of k-points using the energy-strain method " 84, which is based on the energy
variation upon the application of a small elastic strain to the equilibrium lattice. The elastic
stiffness tensor was calculated from the second-order derivative of the total energy vs.
strain. This method requires less computational cost to achieve the same accuracy than the

stress-strain method -, From the calculated elastic stiffness tensor [cj;], the projection method

was then applied to calculate the elastic constants [Cj;] using the equations below *-%6:

1
Ci1 = 3 (c11 + cz2 +33), (1)
1
Ciz = 3 (c12 + €13 +C23), ()
1
and Cyq = 3 (Ca4 + Cs5 + Co6)- 3)

The calculated elastic constants satisfied the following machenical stability criteria 87

Ci1—C2 >0, “4)
Ci1 +2C4, >0, 5)
and C44 > 0 (6)

Voigt-Reuss approximation was used in the calculation, based on the assumption of uniform
strain and uniform stress throughout the crystal 8%-%. The elastic stiffness (flexibility) matrix S;;
can be given as the inverse of the elastic stiffness matrix Cjj as [S;i] = [Cj]™'. Voigt bulk modulus

(Bv) and shear modulus (Gv) are given by:
1

By =3 (Cy1 +2Cyp), (7)
1

and GV = g (Cll - C12 + 3(:44). (8)

Reuss bulk modulus (B,) and shear modulus (G;) are given by

1

B, =——
I 38,,46S:5°

©)
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and G =———

(10)



Hill’s average for shear (G) and bulk modulus (B), Young’s modulus (E), Poisson’s ratio (v)

are given by *°:

B == (B +By), (11)
G =2 (Gr +Gy), (12)
9BG
"~ 3B+G’ (13)
3B-E
and V= (14)

4.3. Surface properties calculations

A cell of 256 atoms with a (1x1x1) k-point mesh with spin-polarized method was used
for the surface EWF and density of state calculations. The cell size is larger than those used for
the mechanical property calculation because EWF is a surface property, which can be better
presented by larger SQS structure and larger surface areas. Three orientations of (100), (110)
and (111) planes were cut for calculation for the Cr16, 25, and 34 alloys, as defined earlier. The
EWF refers to the energy required to move an electron from the surface of the material to an
infinite distance away °'. In our calculations, the EWF is given as ¢ = E 4. — Ep = ¢ +
Adgipotes Where Eyq and Ep is the calculated Vacuum and Fermi level energy respectively, as
shown in Fig. 10 of Ref. 72. ¢, is the intrinsic work function of the surface without dipole, and
A@aipoie 1s the change of work function from surface dipole. The origin of Aggipore 1 of
electrostatic nature and is given by the solution of the Helmholtz-equation °> 3. Specifically,
after applying dipole correlation, the difference between the potential energy of the Vacuum

and Fermi level was used to calculate the EWF.
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Tables and Figures

Table 1. Summary of calculated lattice constant (d), bulk modulus (B), Young’s modulus (E), shear

modulus (G), and electron work function (EWF) for all CoCrFeNi alloys.

Sample Composition d(A) | B(GPa) | E (GPa) | G (GPa) B/G EWF (eV)
(at.%)
(100) plane  4.363
Crl6 | CoasCricFexsNixs | 3.56 160.510 | 216.504 84.891 1.891 | (110) plane  4.164
(111) plane  4.821
(100) plane ~ 4.552
Cr25 | CosCrasFexsNips | 3.54 | 157.087 | 226.211 89.767 1.750 | (110) plane  4.173
(111) plane  4.849
(100) plane  4.407
Cr34 | Co2CrisFexnNip | 3.53 181.804 | 224.539 86.751 2.096 | (110) plane  4.181
(111) plane  4.815

Table 2. Summary of calculated mechanical properties of Cr25 alloy (as defined in Table 1) from this

work, prior DFT reports 2° and experiments ®'. Note results in ref. ®! were measured at room temperature.

DFT w/o spin® use k-points 4x4x4 and energy cutoff of 400 eV, and DFT w/o spin® use k-points

7x7x7 and energy cutoff of 450 ¢V.

Methods E (GPa) | G (GPa) | B(GPa) | B/G v
DFT w/o spin (this work)® 387 166 193 1.16 0.17
DFT w/o spin (this work)® 247 94 207 2.18 0.30
DFT w/ spin (this work) 226 90 157 1.75 0.26
Expt. (ref®!) 214 86 142 1.65 0.25
DFT (ref 26) 298 118 202 1.71 0.26
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Table 3. Comparison of material properties from DFT vs. rule of mixture (ROM) calculations where a

parameter p is calculated by summing the parameter p; of each constituent (i) times its weight fraction

(w;) asp = XL, wip;.

B/G (110) EWF (eV)

Sample
ROM DFT ROM DFT ROM DFT
Crle 0.286 0.275 4.69 4.164 2.15 1.89
Cr25 0.276 0.260 4.66 4.173 2.06 1.75
Cr34 0.267 0.294 4.63 4.181 1.97 2.10

Table 4. D-band center of Co, Cr, Fe, and Ni element in Cr16, Cr25 and Cr34 alloys.

Sample
Crleé Cr25 Cr34
Element
Co -1.29 eV -1.34 eV -1.42 eV
Cr -0.08 eV -0.10eV -0.39eV
Fe -1.02 eV -1.14 eV -1.23 eV
Ni -1.53 eV -1.47 eV -1.58 eV
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Figure 1. (a-c) SQS model structure and (d-f) calculated lattice constant for (a) Cr16, (b) Cr25, and (c)
Cr34 alloys.
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Figure 3. Summary of calculated elastic properties for Cr16, Cr25 and Cr24 alloys, (a) bulk modulus,
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Supplemental Materials

Table S1. Calculated average magnetic moment and mechanical properties of Cr16, Cr 25, and Cr 34

alloys.

Sample | Co (us) | Cr (us) | Fe(us) | Ni(uo) | Alloy (uo) | " cr Cu
ample o (UB r (Us € (uB 1(uB oy (uB

(GPa) | (GPa) | (GPa)
Crlé6 1.43 -1.53 2.48 0.45 0.99 225.836 127.944 122.993
Cr25 1.28 -1.11 2.24 0.31 0.67 223.602 124.144 134.136
Cr34 0.89 -0.82 2.06 0.20 0.41 241.750 152.461 135.912
(a) Crlé6 (b) Cr25 (c) Cr34
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Figure S1. Total and partial DOS of (a) Cr16, (b) Cr25 and (c) Cr34 alloys of (110) surfaces.
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Figure S2. Calcualted Pourbaix diagram of (a) Crl6, (b) Cr25, and (c) Cr34, where the predicted

equilibrium phases are shown in the legend in (d). The calculations were performed using Thermo-calc

software version 2022a using the TCFE12 database.

20



