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Structural stability of NiCoFeCrAl, high-entropy alloy from ab initio theory
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First-principles alloy theory predicts that at room temperature the paramagnetic NiCoFeCrAl, high entropy
alloys adopt the face centered cubic (fcc) structure for x < 0.60 and the body centered cubic (bce) structure for
x 2 1.23, with an fcc-bee duplex region in between the two pure phases. The calculated single- and polycrystal

elastic parameters exhibit strong composition and crystal structure dependence. Based on the present theoretical
findings, it is concluded that alloys around the equimolar NiCoFeCrAl composition have superior mechanical

performance as compared to the single-phase regions.
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Due to the unique microstructure and special properties,
such as high strength, good wear, corrosion resistance, and
thermophysical parameters, high entropy alloys (HEAs) have
attracted increasing attention since the pioneering works
by Yeh et al.' In this promising new class of engineering
materials, the high mixing entropy is responsible for the
stability of the simple solid solution phases rather than a
mixture of ordered intermetallic compounds.

Extensive experimental studies focused on the
NiCoFeCrAl,  system  with x =0.0-3.0.7"%  The
microstructure, mechanical, electronic, magnetic, and Hall
properties were investigated for the as-cast, as-homogenized,
and as-deformed NiCoFeCrAl, (x = 0.0-2.0) alloys.>? With
increasing Al content, the microstructure of NiCoFeCrAl,
transforms from single fcc to single bcc with a transition
duplex fce/bee region.>* Zhou et al. used the vacuum arc
melting method to prepare single phase bcc NiCoFeCrAl.>¢
On the other hand, Chou et al. employing an arc remelter
found that the microstructure of NiCoFeCrAl is a mixture of
fcc and bee phases.* Kao et al. further compared different
experimental treatment and obtained the beginning of a
single bcc phase at x = 0.88 for as-cast, and x = 1.17
for as-homogenized and as-deformed NiCoFeCrAl,.> More
recent results indicate that the microstructure of NiCoFeCrAl,
is fce for x < 0.5, fee/bee duplex for 0.5 < x < 0.9, and bee
for x > 0.9.!° Computational thermodynamic assessment of
the phase diagram of NiCoFeCr-Al predicted that Al stabilizes
the bec structure. '3

The average valence electron concentration (VEC) has
been suggested to correlate well with the phase stability of
HEAs.'* In particular, equimolar NiCoFeCr, CuNiCoFeCr,
NiCoFeMnCr, and PdNiCoFeCr have VEC > 7.8 and adopt
pure fce structure,1>1¢ whereas equimolar NiCoFeCrTiAl has
VEC = 6.7 and forms a single phase bcc solid solution.’
Going beyond the empirical correlations, Zhou et al. used
classic homogeneous nucleation theory'” to explain the phase
stability of CuNiCoFeCr and the phase transformation from
fcc CugsNiFeCrAlps to beec CugosNiFeCrAly7s. Here we
move towards the atomic-level description of the interactions
within the HEAs by adopting state-of-the-art ab initio density
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functional theory'® to study the phase stability and the
micromechanical properties of NiCoFeCrAl, as a function
of Al content.

The exact muffin-tin orbitals (EMTO) method,'®?? in com-
bination with the coherent potential approximation (CPA),>*>*
was previously used to study the structural and mechan-
ical properties of CuNiCoFeCr and CuNiCoFeCrTi, (x =
0.1-0.5,1.0) HEAs.? In the present application, the EMTO
equations were solved within the scalar-relativistic approxima-
tion using the Perdew-Burke-Ernzerhof exchange-correlation
density functional.?® The Green’s function was calculated for
24 complex energy points around the valence states. The basis
setincluded s, p, d, and f states. The irreducible wedge of the
fcc (bece) Brillouin zone was sampled by 240 (285) inequivalent
k points. The electrostatic correction to the single-site CPA
was described using the screened impurity model?’ with
screening parameter 0.6. All calculations were performed for
static lattice. The equilibrium volume, bulk modulus, and total
energy were extracted from a Morse function® fitted to the
total energies calculated for seven different volumes. The
singe-crystal elastic constants were determined according to
the standard methodology and the polycrystal elastic moduli
were obtained via the Voigt-Reuss-Hill averaging method.?

The magnetic properties of NiCoFeCrAl, (0 < x < 2.0)
were investigated by several authors.>*!> According to the re-
cent magnetization measurements by Lucas et al.,'> NiCoFeCr
is paramagnetic at room temperature and NiCoFeCrAl, has
Curie temperature around 430 & 3 K. The estimated critical
temperatures by Kao et al.® range between 120 K (x = 0)
and 375 K (x = 2), in good agreement with those reported by
Lucas et al. Considering that these transition temperatures
are relatively low, here we assume a paramagnetic (PM)
state for all NiCoFeCrAl, alloys. We describe the PM state
by the disordered local magnetic moment (DLM) picture.*
The DLM was shown to correctly account for the random
distribution of the local magnetic moments of the PM state of
metals well above the magnetic transition temperature, where
the magnetic moments show negligible short range order.>'~33
For fcc NiCoFeCrAl,, we find that the local magnetic moment
of Fe increases from 1.79 to 1.96 up as going from x =0
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TABLE I. Theoretical Wigner-Seitz radius (w, units of Bohr), bulk modulus (B, units of GPa), and energy difference between the bcc
and fcc phases (AE,, units of mRy per atom) for NiCoFeCrAl, high entropy alloys calculated for the fcc and bce phases as a function of

Al fraction x.

X w(fce) B(fcc) w(bce) B(bcc) AE, X w(fce) B(fcc) w(bce) B(bcc) AE,
0 2.607 207 2.626 199 3.937 1.00 2.654 183 2.659 178 0.228
0.10 2.611 200 2.629 197 3.408 1.25 2.664 173 2.667 171 —0.236
0.25 2.619 197 2.634 193 2.523 1.30 2.666 172 2.670 170 —0.239
0.30 2.622 196 2.636 192 2.380 1.50 2.673 170 2.675 167 —0.449
0.375 2.626 194 2.639 189 2.021 2.00 2.691 159 2.690 159 —0.773
0.50 2.632 190 2.644 187 1.566 2.50 2.705 151 2.701 153 —0.831

to x = 2. For bcc NiCoFeCrAl,, the Fe (Co) local magnetic
moment changes from 2.29 pg (1.13 pug) to 2.08 wp (0.63 ug)
when the Al content is increased fromx = Otox = 2. All other
local (DLM-level) magnetic moments are zero.

In Table I and the lower panel of Fig. 1 we show the
theoretical Wigner-Seitz radius (w), equilibrium volume (V),
bulk modulus (B), and structural energy difference AE, =
EP* — E¢ for the NiCoFeCrAl, alloys as a function of
Al content. The theoretical equilibrium volumes of the fcc
and bcce alloys are compared to the experimental data in the
upper panels of Fig. 1. Experimental volumes are available for
the single fcc phase for x < 0.5, and for single bcc phase
for x > 0.9.2*%10 Taking into account the large scatter in
the experimental data, we conclude that the present theory
reproduces well the experimental trends of V(x) for both fcc
and bcc structures. Aluminum addition is found to increase the
equilibrium volume of the solid solution, which is consistent
with the fact that w of Al is larger than those of the other alloy
components. The slopes of w(x) and B(x) versus x are larger
in the fcc phase than in the bce phase. This is likely to be due
to the enhanced flexibility of the bcc structure to incorporate a
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FIG. 1. (Color online) Upper panels: Comparison between the
theoretic and experimental equilibrium volumes for fcc (x =
0.0-0.5, upper left panel) and bce (x = 1.0-2.0, upper right panel)
FeCrNiCoAl, alloys. The quoted experimental data are a Ref. 4, b
and ¢ Ref. 2, d Ref. 10, and e Ref. 8. Lower panel: Theoretical fcc
and bcc equilibrium volumes and structural energy difference for
0<x <25

large substitutional element as compared to the close-packed
fec lattice.

In order to assess the performance of our calculations
derived from the mean-field CPA, we constructed two 2 x 2 x
2 cubic supercells. The supercell formed by the bce (fcc) unit
cells was treated as simple cubic (body centered cubic), where
we introduced one (two) Al atom per 16 (32) atomic sites.
All other sites were occupied by an equimolar four component
NiCoFeCr alloy. We note that similar partially ordered solid so-
lution has been reported in FeCrNiCoAly 3 alloys.” The present
supercells have the molar radio Ni;s/4Coys/4Fe15/4Crys/4Al;,
corresponding to NiCoFeCrAlj 467 HEA. The Wigner-Seitz
radii obtained for these supercells are 2.620 Bohr for fcc, and
2.634 Bohr for bee, which are practically the same as those
obtained in the CPA calculations (2.620 Bohr for fcc and 2.635
for bee). The corresponding bulk moduli are 197 and 193 GPa
for the fcc and bee supercells, respectively, which are also
close to the CPA results (198 GPa for fcc and 193 GPa for
bce).

According to Table I, the fcc structure is predicted to be
more stable than the bcc one for x = 0.0-1.0, and the bcc
structure becomes stable from x = 1.25. Using a cubic spline
fit for the calculated energy points, we find that the structural
energy difference between ideal bee and fec lattices vanishes
at 1.11 Al fraction (Fig. 1, lower panel). Due to the large
atomic volume of Al, one may anticipate that the interatomic
distance between Al and the other elements is larger than the
average bulk value. We estimated the size of the local lattice
relaxation (LLR) around the Al atoms in NiCoFeCrAl, alloys
by making use of the above 2 x 2 x 2 supercells, each of them
containing one single Al atom. We relaxed the first 12 nearest
neighbor NiCoFeCr sites in the fcc supercell and the first 8
nearest neighbor NiCoFeCer sites in the bee supercell. For the
energy gain upon the LLR, we obtained § Ep,c = 0.17 mRy
and 6 FEg. = 0.32 mRy. The larger relaxation effect in the
fcc lattice is in line with our previous observation that the
bec lattice can accommodate the large substitutional Al easier
than the fcc lattice. Then we consider AE] = x(8 Epec — 6 Efec)
as the measure of the LLR effect on the structural energy
difference per Al fraction. Adding AE] to AE, from Table I,
we obtain that the total structural energy difference vanishes
around x = 1.2, i.e., at only slightly larger Al content than
the one predicted from the total energies obtained for rigid
underlaying lattices.

Two phases arrive at equilibrium when their chemical
potentials become equal. Here we consider the NiCoFeCrAl,
system as a pseudobinary (NiCoFeCr);_,Al, alloy [with
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FIG. 2. (Color online) Comparison of the Gibbs free energies
for bee and fee (NiCoFeCr),—,Al, (y = 0.0-0.5) for T = 0,300 and
600 K. Note that y = x /(4 + x), where x is the atomic fraction of Al
in NiCoFeCrAl, .

y=x/(4+x)] and compute the relative formation en-
ergy according to AG%(y) =G%(y)—(1 — 2y)GfC°(O) —
2yG™(0.5), where « stands for fcc or bec, and G*(y) is the
Gibbs free energy per atom for (NiCoFeCr);_,Al, in the o
phase. This is approximated as G*(y) ~ E*(y) — T Spix(y) —
T S5ae(y), where E%(y) is the total energy per atom for
(NiCoFeCr);_,Al, in the « phase, and T is the temperature.
The two entropy terms are estimated within the mean-field
approximation. Namely, the mixture entropy of ideal solutions

is Smix = —kp Zle ¢; Inc;, and the magnetic entropy Spmae =
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kg Zis:l ¢; In(1 + w;), where c; is the concentration and u; the
magnetic moment of the ith alloying element. Accordingly,
all chemical and magnetic short range order effects and the
longitudinal spin fluctuations are neglected (i.e., for each alloy
composition we assume constant local magnetic moments with
temperature). The above phenomenological approximation for
the magnetic entropy was previously used to estimate the free
energy of paramagnetic Fe’* and Fe-based alloys®!** having
noninteger magnetic moments. The present Gibbs free energies
at different temperature are plotted in Fig. 2. According to the
rule of common tangent line, we find that at room temperature
NiCoFeCrAl, has single fcc phase for x < 0.597 (y < 0.130),
single bee phase for x = 1.229 (y = 0.235), and two phases
(duplex) between the above limits. In terms of valence electron
concentration, the present theory predicts that at 300 K the
fce phase is stable for VEC 2 7.57 and the bee one for VEC
< 7.04. These theoretical solubility limits should be compared
to 8.0 and 6.87 estimated by Guo et al.'* and 7.67-7.88 and
7.06-7.29 observed in experiments.>'?

The calculated elastic parameters of NiCoFeCrAl, HEAs’
are listed in Table II. We notice that the elastic parameters
obtained for the fcc and bcc phases around x =1 are
surprisingly close to each other. When considering the fcc or
bece structure separately, it is found that the three cubic elastic
constants (c;;) and the polycrystal elastic moduli (B, G, and
E) decrease with increasing Al content. However, the Cauchy
pressure (cj2—c44), the two anisotropy ratios (Az and Ayr), the
Poisson’s ratio (v), and the B/G ratio increase with x in the
fcc phase.

The somewhat different impact of Al on the elastic
parameters of fcc and bec NiCoFeCrAl leads to local maxima
in (cip—ca4), v, and B/G versus x when plotted for fcc for
x < 1 and for bee for x > 1 (Fig. 3). In order to understand
these trends, we should see how alloying influences the
single-crystal elastic parameters when going from Al-free fcc
to becc NiCoFeCrAl,. As B(x) follows a nearly linear trend, the
nonlinearity of ¢ and ¢, is due to the particular trend obeyed
by the tetragonal shear elastic constant ¢’ = (¢y; — ¢12)/2. This
parameter is connected to the curvature of the total energy
as a function of the tetragonal lattice parameter c/a at fixed
volume.?® According to the calculated trend of ¢’(x) (Table II),
Al strongly reduces the dynamical stability of the fcc lattice
and slightly increases that of the bcc lattice. At the same time,
Al stabilizes thermodynamically the bcc structure relative to
the fcc one (Figs. 1 and 2). Combining these two effects, we

TABLE II. Theoretical single-crystal elastic constants [c;;, ¢’ = (ci1 — ¢12)/2, Az = ca/c’], Cauchy pressure (c12—c44), and polycrystal

elastic moduli (B, G, E, v, Avgr, and B/G) for fcc and bce NiCoFeCrAl, alloys as a function of Al content. The unit is GPa except for the
dimensionless Az, Avg, v, and B/G.

X ci c2 Ca4 c Ay (c12—C44) B G E v Avr B/G
0 fee 271 175 189 48.0 3.94 —14.3 207 110 280 0.275 0.209 1.88
0.3 fee 246 171 177 37.3 4.75 —6.12 196 96 248 0.289 0.262 2.04
0.5 fee 233 169 171 32.2 5.29 —2.13 190 89 231 0.297 0.295 2.13
1.0 fee 214 167 158 23.5 6.85 9.00 183 76 201 0.317 0.369 2.40
1.0 bce 214 160 152 27.2 6.72 7.84 178 78 204 0.309 0.311 2.29
1.3 bce 208 151 150 28.1 5.59 0.80 170 78 203 0.301 0.298 2.17
1.5 bce 205 148 149 28.5 5.34 —1.66 167 78 202 0.297 0.293 2.13
2.0 bcce 197 140 147 28.3 5.26 —6.56 159 77 199 0.291 0.289 2.06
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FIG. 3. (Color online) Theoretical Poisson’s ratio (upper panel),
Cauchy pressure (middle panel), and Pugh ratio (lower panel) for
NiCoFeCrAl, as a function of Al fraction. Results are shown for the
fce phase for x < 1 and for the bee phase for x > 1. The two single
phase regions (fcc or bee) as well as the two-phase (duplex) region
(fcc and bece) corresponding to Fig. 2 (300 K) are marked by different
(colored) areas.

obtain that around the duplex region (Fig. 3) the NiCoFeCrAl,
system has two very similar distinct local minima within the
Bain configurational space (described by ¢ /a and volume) with
a clear barrier between them (Fig. 4). One local minimum
corresponds to the bcc phase (¢/a = 1) and another to the
fcc phase (c/a = +/2). This situation is rather unusual for
elemental cubic transition metals and their alloys,36 for which
the thermodynamically unstable cubic structure is usually also
dynamically unstable (or barely stable).

Negative Cauchy pressure has been associated with the
covalent nature of the metallic bond and is characteristic
to brittle alloys.’” According to Pugh,’® materials with a
B/ G ratio above 1.75 are ductile. For isotropic materials, the
Pugh criteria for ductility implies v > 0.26, which has been
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FIG. 4. (Color online) Energy contour (in mRy) for paramagnetic
FeCrNiCoAl as a function of the tetragonal ratio (c¢/a) and the
Wigner-Seitz radius (w, in Bohr).

confirmed for bulk metallic glasses.® In the case of
NiCoFeCrAl,, alloys outside of the two phase region possess
small or negative Cauchy pressure, and their Pugh and
Poisson’s ratios are also the lowest (Fig. 3). On the other
hand, close to x = 1 both phases have large positive Cauchy
pressure, and large B/G and v, indicating strong metallic
character and enhanced ductility for these systems.

Based on the above theoretical predictions, we conclude
that the paramagnetic NiCoFeCrAl, HEAs have exceptional
micromechanical properties close to or within the duplex
region. The disclosed results and developments demonstrate
that advanced ab initio alloy theory is able treat the newly
emerging challenging questions of the HEAs.
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