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The finite temperature elastic properties of the equiatomic CoCrFeNi medium-entropy alloy has been stud-
ied by density functional theory. Besides atomic vibrations and electronic free energy, the predictive model
developed here includes contributions from spin fluctuations (SFs) in determining the elastic properties of
CoCrFeNi. Including SFs changes the magnitude of the temperature derivatives of the poly-crystal elastic
moduli, resulting in a close agreement between simulation and experimentally measured trends. How the
single-crystal elastic moduli depend on SFs and how these dependencies influence changes in the poly-
crystal elastic moduli are analyzed systematically. Finally, the elemental sources to the simulated trends are

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

High-entropy alloys (HEAs) are an exciting class of materials that
were independently discovered by Yeh and Cantor et al. [1,2] HEAs
consist of five or more components in equiatomic or near-equiatomic
composition, and form as random solid solution (RSSs) on simple lat-
tice structures (fcc, bcc or hep), which has been attributed, in part, to
the excessive configurational entropy that results from the number
of components and composition. Beyond the many reported prop-
erties of HEAs, their discovery inspired the search over wider phase
spaces for alloy design than previously considered and deviated from
conventional rules of thumb that tend to avoid the center of the
multi-component phase diagram. This has also extended to explo-
rations of the center of the phase diagram of ternary and quaternary
equiatomic alloys [3,4], which are now being referred to either by
their entropy (medium or low) or more broadly as compositionally
complex alloys (CCAs) [5].

HEAs and CCAs have garnered significant attention because of
an excellent combination of mechanical properties [6]. Otto et
al. [7] recently demonstrated that the plastic deformation mecha-
nism of an equiatomic CoCrFeMnNi HEA switched from dislocation
motion to nanoscale twinning when it approached cryogenic tem-
peratures, resulting in a substantial increase of both strength and
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ductility. Xia et al. [8] reported that Al,CoCrFeNi HEAs exhibited
advanced irradiation resistance, which was attributed to a self-
healing process where the material cycled between amorphization
and crystallization to recover from defect accumulations; a capa-
bility that makes HEAs promising candidates for next-generation
nuclear reactors. Low-density HEAs have also demonstrated unique
combinations of high hardness while retaining some residual
ductility [9].

There has also been theoretical progress aimed at develop-
ing an atomic-level understanding of the relationship between
the structure of the HEAs and their macroscale properties. Var-
venne et al. recently developed a strengthening theory for fcc
HEAs, where the variety of local chemical potentials induced a dis-
torted dislocation configuration, impeding the dislocation motion
[10]. While local crystal basis distortions have been found to be
small in CoCrFeMnNi-based systems, they were recently character-
ized and predicted to contribute considerably to the ground-state
lattice parameters and bulk moduli of bcc refractory HEAs where
the elemental atomic radii differed more substantially [11,12]. The
influence of local magnetic moments in these multi-component
random alloys has also been studied and shown to be important
to short-range chemical ordering and predicted thermodynamics
[13,14].

The equiatomic CoCrFeNi medium-entropy alloy (MEA) is a crit-
ical base alloy for many HEAs of interest [15-19]. Its properties are
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Fig. 1. Simulated and experimental [40] shear modulus G and Young’s modulus Y of
the homogenized poly-crystal CoCrFeNi MEA as a function of temperature. G and Y are
marked by the shaded and unshaded areas, respectively.

thus important to the design of these alloys while at the same time
being slightly less computationally demanding to address. In the
elemental solids of the components making up this alloy, the local
magnetic moments of Cr, Fe and Ni are known to persist at tem-
peratures well above the Curie point even in the paramagnetic state
[20-22]. Because of this and a Curie point at 120K [13,23], sub-
stantial spin fluctuations (SFs) are possible in CoCrFeNi above room
temperature. These fluctuations may play a significant role in the free
energy of the alloy and its dependence on strain and, thus, properties
that depend on this free energy landscape.

At finite temperatures, besides transverse spin fluctuation (TSF),
longitudinal spin fluctuation (LSF) also takes place [24]. In stainless
steels, Vitos and Johansson [25] found that the LSF contributions to
the temperature dependencies of the single-crystal elastic moduli
are comparable to those of anharmonic effects. The stacking-fault
energies of stainless steels were later shown to be dominated by LSFs
within an extensive temperature range, indicating a large evidence
of magnetostructural behavior [26-28].

Using first-principles approaches, the elastic properties of
CoCrFeNi were explored as a function of temperature by consider-
ing SFs (TSF and LSF) as well as atomic vibrations and electronic
free energy. It shows that the inclusion of SFs leads to capturing
the experimentally measured trends of the poly-crystal elastic mod-
uli as a function of temperature. The inclusion of SFs changes the
free energy surface landscape, its temperature and strain depen-
dencies, and, ultimately, the properties dependent on this surface.
This is found to manifest itself in changes to the magnitude of the
temperature derivatives of single crystal and poly-crystal elastic
moduli. Finally, the elemental sources that make the most signif-
icant contributions to the simulated trends are identified for this
MEA. While the focus is on elastic properties, this also has impli-
cations for other mechanical properties, such as the ideal tensile
and shear strengths [29] that also depend on the free energy land-
scape.

All the calculations were performed on an fcc primitive cell with
the Exact Muffin-Tin Orbitals (EMTO) theory [30-32]. The chem-
ical and magnetic disorders were treated by Coherent Potential

Approximation (CPA) [33] and Disordered Local Moment (DLM) [34],
respectively. The Green’s functions were calculated for 16 complex
energy points with the basis set including s, p, d, and f states. The
Screened Impurity Model (SIM) parameter was set to 0.9 for the
electrostatic correction to the single-site CPA. A 13 x 13 x 13 k-
point mesh for reciprocal-space integration was selected to ensure
the numerical error below 1 meV/atom.

The Helmholtz free energy per atomic formula F((,T) is a sum of
the magnetic free energy Fiag(Q, [M;], T), the vibrational free energy
Fin(Q, [M;],T) and the electronic free energy Fee(Q,[M;],T) [25,35].
Specifically, Finag was treated here as Ei(Q, [M;]) — TSmag([M;]) with
Ein¢ being the internal energy that depends on atomic volume
and a set of local magnetic moments of individual species [M;], Smag
the magnetic entropy treated by a mean-field approximation for
fully random configurations [21]: Smag = kg>_;X; In(|M;| + 1) with
kg denoting the Boltzmann constant and x; the bulk number den-
sity of i. F,j, was evaluated by the Debye model [36], where the
elastic Debye temperature ©p was calculated via the mean velocity
of single-crystal sound waves according Refs. [32,37]. To compare
the simulated and experimental poly-crystal shear modulus G and
Young’s modulus Y, the Voigt-Reuss-Hill (VRH) averages [38] of C’
and Cy4 were adopted. C’ and C44 were calculated as a function of
Q and [M;] through the volume-conserved orthorhombic and mon-
oclinic distortions, respectively [32]. For Fje, the Fermi distribution
function was used as done by Wang et al. [39] At a given tempera-
ture, the Helmholtz free energy at each volume was minimized as a
function of [M;].

Results from the above approach will now be compared to exper-
imental measurements. At low temperatures, the model slightly
overestimates the values of G and Y for the alloy as compared to
the low-temperature experimental measurements from Laplanche
et al. [40]. There is a constant deviation of approximately 10 GPa
for G throughout the whole temperature range. From an ab initio
perspective, this is not a significant magnitude since a 1% increase
of the lattice constant results in a 5 to 10 GPa reduction of G. To
test this assertion, the room-temperature elastic properties of the
alloy were determined by forcing the lattice constant to be the
experimental value of 3.57 A. In doing this, the experimental mea-
sured results were reproduced perfectly where G and Y equal to
86 GPa and 214 GPa, respectively. The same is accomplished by shift-
ing G down by 10GPa, which is done for all future comparisons
between the theoretical and experimental G and Y as a function of
temperature.

Three submodels are compared to experimental trends as a func-
tion of temperature: the first submodel only includes the vibra-
tional contributions (Vib.), the second includes vibration and TSF
(Vib.4-TSF), while the third includes all factors (Vib.4+TSF+LSF). The
electronic free energy contributions are also included in all three
submodels and their omission leads to only small changes in the pre-
sented trends. These are presented in Fig. 1. Including only vibration
leads to a decrease in G and Y with temperature that is generally
offset from experiment but the rate of change is lower than the
experiment, which leads to larger differences at higher tempera-
tures. Adding TSFs with magnetic moments fixed at their 0K levels
results in a slight improvement over the previous submodel, but

Table 1
Average (300-600K) temperature derivatives of B, C’, C44, G and Y (in 10~2 GPa/K)
and average values of « and 3 within the three submodels.

' ac,
Vib. -5.5 -0.7 -24 3.8 2.0 -14 —4.2
Vib.+TSF -8.7 -0.8 -3.1 3.8 1.9 -1.8 -5.8
Vib.+TSF+LSF —6.6 -1.7 -4.0 4.1 19 -29 =77
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Table 2
Average (300-600 K) anharmonic and constant volume components of the tempera-
ture derivatives of C’ and Cy4 (in 10~2 GPa/K) within the three submodels.

(%) (5) () (5#)
T )i T J oy T Jan T Jey

Vib. -0.7 -2.4
Vib.+TSF -0.8 -3.1
Vib.+TSF+LSF -1.0 -0.7 -3.5 -0.5

significant deviations and non-linearity at high temperatures are
evident, which are caused by the divergence of thermal expansion
predicted by this submodel. The Vib.+TSF+LSF submodel has a rate
of change in moduli with temperature that is in close agreement with
experimental measurements and it also does not have the offset in
moduli that is present in the other submodels. Clearly, the inclusion
of SFs, especially LSFs, is important in capturing the changes of G and
Y as a function of temperature.

To explore the underlying mechanism of how SFs influence the
poly-crystal elastic moduli, the single-crystal elastic moduli ¢’ and
Cy4 need to be investigated due to a direct correlation with G and Y by
the aforementioned VRH average [38]. The temperature derivatives
of G and Y from the VRH average are given in Eq. (1):

G _ (1 4 5a2 ocC + [i . 15/2 ]ac44

aT ~ |5  (2a+3)2| T 10 (Qa+3)22] T’

Y _ 9 9B 278 9G )
oT — (38+120T  (3B8+1)2 0T

Pure elements

In these equations, the dimensionless variables o and ( signify
C44/C and B/G (the Pugh’s ratio [41]), respectively. Moreover, o and
B were found to be largely insensitive to temperature and submodel
in the simulations. Therefore, the temperature derivatives of G and
Y are proportional to those of C’ and Cyq4. It is found that both C’ and
Cy44 decrease linearly with the temperature and, thus, their temper-
ature derivatives remain constant as T increases. The exception to
this is the high-temperature non-linearity in the Vib.+TSF submodel
above 600K, but even this submodel is fairly linear in the lower
temperature limit (300-600K). Hence, dG/dT and dY/dT are solely
dependent on dB/dT, dC' /3T and 0Ca4/dT and how those variables
depend on SFs.

The average temperature derivatives of B, C/, and C44 and the
average values of a and B within 300-600K are listed in Table 1,
along with those of G and Y calculated by Eq. (1). Comparing the
Vib. submodel to the Vib.4+TSF+4LSF submodel, all the derivatives
are increasingly negative in the latter. This leads to a larger decrease
with temperature for this submodel. The influence of LSFs induces
increasingly negative temperature derivatives of C’ and Cy44 as com-
pared to the submodel that only includes TSFs. Although 0B/dT
is more negative without LSFs, dY/dT is dominated by 90G/dT
through 90C'/dT and 0C44/dT. As a result, the more negative
0B/0T has a less significant impact in the observed trends with
temperature.

To further explore why the larger magnitudes of the temperature
derivatives of C" and C44 arise when LSFs are included each single
crystal elastic coefficient was separated into a constant temperature
(anharmonic) and a constant volume contributions (Table 2). The
former is induced by thermal expansion that results from atomic
vibrations, SFs, and electronic free energy, as well as their coupling.

CoCrFeNi MEA

—— Co

AC' (x10? GPa)

o=

0.0 = —_—
e
L —0.2

Co Cr Fe Ni

AC44 (X102 GPa)

M (ug)

Fig. 2. Changes in C’ and Cy4 of the pure elements and CoCrFeNi as a function of on-site magnetic moments. Equilibrium states for each element at 0 K and 1200K are represented
by open circle and diamond, respectively. Specific contributions from individual elements when T goes from 0K to 1200K are shown in the inset plots, where the error bars
indicate the differences between the Fe contributions in Fe;oCrysNiys [25] and CoCrFeNi. All the y-axis values are normalized by the chemical compositions.
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Table 3
Average (300-600K) anharmonic and constant volume components of the tempera-
ture derivatives of C’ and Cy4 (in 10-2 GPa/K) in Fe;oCry5Ni;5 [25] and CoCrFeNi.

(%)ah (%)cv (ag#)ah (ag#)cv
FE70C1'15Ni15 -1.0 -0.9 -3.2 -0.8
CoCrFeNi -1.0 -0.7 -3.5 -0.5

The latter comes solely from the LSFs. A similar analysis was per-
formed by Huang et al. [42] and the resulting separation is given in
Eq.(2):

AC(T) = C(V,T) = C(Vo, To)
= C(V,T) = C(Vo, T) 4 C(Vo, T) = C(V, Tp)
= AC(T)an + AC(T)ev, (2)

In this expression, C is a dummy variable representing either C’' or
Cy4, the subscripts ah and cv stand for anharmonic and constant
volume, respectively. Here, C(Vy, Tp) is the 0K value of C. The anhar-
monic and constant volume components of dC'/dT and dCy4/0T of
the MEA within the three submodels are presented in Table 1. Incor-
porating TSFs, the magnitude of anharmonic contribution to dC'/dT
increases slightly, while that to dC44/0T shows a more significant
increase in magnitude. Additional gain in the anharmonic contri-
bution is observed for each elastic constant with the inclusion of
LSFs.

The larger anharmonic contribution by including SFs was found
to be associated with a substantial increase of thermal expansion
coefficient (TEC). To illustrate this, the average (300-600K) instan-
taneous TEC was calculated, which shows an increase from 16.6 to
27.5 (in x1076/K) with the inclusion of SFs. Addition of LSFs slightly
increases the instantaneous TEC. The above is related to the fact that
larger magnetic moments are favored in larger volumes, which leads
to an increased magnetic entropy (free energy is reduced) and, thus,
an increased TEC.

The constant volume component consists of individual elemental
sources. To distinguish them, C’ and Cy44 are shown in Fig. 2 as a func-
tion of the on-site magnetic moments for each individual element at
the ground-state volume. While one moment is varied in the alloy,
all other moments are set to zero. For a guideline to the rich limit of
each species, similar DLM calculations for pure elements in the same
lattice geometry were also performed. As illustrated in Fig. 2, the
general trends of dC’'/dM; and 0C4q/0M; are similar when compar-
ing trends in the alloy to those in the elemental phases. In the pure
elements, C’ increases with M¢; while it decreases with all the other
elements. C44 was found to increase with both Mc; and My; while it
decreases with M, and M. In the MEA, the above trends hold but
the contributions from Cr are suppressed substantially, and both C’
and Cy4 display only a weak increase and nearly a plateau with Mc;,
especially the former.

To show the differences between the current MEA and con-
ventional alloys, Table 3 presents comparisons with those of a
Fe;0Cry5Ni;5 austenitic steel [25]. The anharmonic contributions to
dC'/aT are identical in both alloys, while that to dC44/0T in the MEA
is more negative by —0.3 x 10~2 GPa/K. The constant volume com-
ponents for both C’ and C44 of the MEA are less pronounced than
those in the steel. The inset plots of Fig. 2 give the specific contribu-
tions from individual elements with temperature changing from 0K
to 1200 K. For both C’ and Cy4, the temperature-induced reductions
are predominately from the LSFs of Co, followed by those of Fe, while
those of Cr and Ni are nearly trivial. The differences between the Fe
contributions in the MEA and those in Fe;9CrisNijs are manifested
by the error bars. Obviously, the Fe contribution in the MEA is much

lower than that in the steel, indicating a suppression of the LSFs of Fe
in the MEA by the large chemical chaos. Due to the equiatomic com-
position, the Co contribution appears to make up for the suppression
of the Fe contribution in the MEA as compared to the steel, but the
overall constant volume components of the temperature derivatives
of C’ and Cy4 are still less negative than those in the steel.

Using first principles simulation we have explored the impor-
tance of SFs in predicting the finite temperature elastic properties of
CoCrFeNi. While inclusion of all factors are important to predicting
the elastic properties of this equiatomic alloy, the results also suggest
that SFs may also be important in predicting the properties of CCAs
with off-stoichiometric compositions in systems that sustain finite
magnetic moments above the Curie temperature.
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