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Introducing a non-regular distribution in the mass and bonding by including distinctly different elements
can reduce the phonon transport even within structurally well-ordered materials. These distributions are a
quality of all high-entropy alloys (HEAs), however the inclusion of aluminum in Al,CoCrFeNi is particularly
impactful due to the large mismatch in atomic mass with other components. The resultant low phonon
conductivity is a requirement for high thermoelectric performance, motivating the investigation of the
effects of Al content on phonon transport as well as other thermoelectric properties. This work examines
the phonon and electron transport and thermoelectric conversion properties with various Al contents
(0 < xa1 < 2)in this Cantor alloy using first-principles calculations, molecular dynamics, and semi-classical
Boltzmann transport theory. The calculated phonon density of states and thermoelectric properties present
reasonable agreements with experiments, including neutron scattering. A large reduction of phonon
conductivity (k;) is observed even with low x,;s, which we attribute to effective phonon scatterings by the
large mass mismatch. However, its temperature dependence is not significant, demonstrating a minor
contribution of interphonon scattering. In contrast, electrical conductivity (¢) and Seebeck coefficient (S)
increase with temperature at higher x4;s with body-centered cubic structures. Therefore, the thermoelectric
figure of merit (ZT) of AlyCoCrFeNi HEAs is enhanced by increasing the Al content mainly due to the increase
of the thermoelectric power factor (¢S%) at high temperatures, while at low temperatures the phonon-
scattering enhancement by mass mismatch is also important.
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1. Introduction

Thermoelectric materials have attracted enormous attention over
the past decades due to their potential applications in the recovery
of waste heat, providing cleaner energy and reducing greenhouse gas
emissions [1-5]. Generally, the energy conversion efficiency in
thermoelectric materials is determined by the figure of merit [6],
ZT = S%6T|(k. + k), where S is the Seebeck coefficient, o the electrical
conductivity, k. the electronic thermal conductivity, k; the lattice
thermal conductivity, and T the temperature; the higher ZT, the
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more efficient thermoelectric energy conversion [6,7]. Therefore,
suppressing thermal conductivity, while maximizing Seebeck coef-
ficient and electrical conductivity, leads to a high figure of merit (ZT).
However, the interdependence of these properties imposes a
challenge on identifying efficient thermoelectric materials. Specifi-
cally, as the electron contribution to thermal transport dominates
over phonon or atomic vibration in metallic materials, higher o
causes higher k. Semi-metals and semi-conductors have been
broadly demonstrated as thermoelectrics, and high ZT values of
Bi,Tes, PbTe, and (Biq_.Sby)2(SeiyTey)s (based on p-block elements)
have been reported [8]. However, these materials contain toxic or
scarce elements, which are not suitable for scalable production, and
quickly degrade at high temperatures (T > 800 °C) [7-9]. Although
half-Heusler type materials show high enough ZT (= 1) values at high
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temperatures that can compete with the state-of-the-art n-type SiGe
compounds, they include expensive metals, such as Hf or Pd
(i.e., corresponds to 90% of the total material cost), which hampers
their commercial use [8,10,11]. Furthermore, some half-Heusler
compounds are effective only at low Ts (< 650 K) [12].

High-entropy alloys (HEAs) have been regarded as novel types of
alloys because of their unique microstructures and adjustable
properties [13-16]. In HEAs, five or more elements are mixed with
equimolar or near-equimolar atomic fractions, each ranging from 5
to 35 at. percent (at%) [17]. Thus, the high configurational entropy of
mixing, especially at elevated temperatures, can thermodynamically
stabilize solid solution alloys, and their complex phase space enables
exceptional properties, including mechanical properties [13,15,18]. A
recent study on HEAs reveals their promising features for high-T
thermoelectric applications [8]. In HEAs, complexity through severe
lattice distortions, point defects, and the precipitation of secondary
phases enhance the phonon scattering, reducing lattice thermal
conductivity, while maintaining a high mobility of the conduction
electrons [8]. Furthermore, the high symmetry of crystal structures,
such as body-centered-cubic (BCC) and face-centered-cubic (FCC)
phases, in HEAs allows for a high convergence of the bands that are
close to the Fermi level to obtain a high Seebeck coefficient [19].
However, due to the involvement of many complexities (i.e., dis-
order, high compositional entropy, mass and interaction mis-
matches) in HEAs, tuning of the thermoelectric properties remains a
great challenge [8]. Therefore, a comprehensive study is required for
the reduction of thermal conductivity and enhancement of desirable
properties, i.e., Seebeck coefficient and electrical conductivity.

Different from other HEAs composed of elements with similar
atomic mass, the Al in Al,CoCrFeNi has an atomic mass
(ma; = 26.98 g/mole) which is 52% smaller than the average mass of
other elements (Maygothers = 56.37 g/mole) while the other ele-
ments have atomic masses within 8% of this average. This large
distribution of atomic mass causes a significant increase of phonon
scattering, reducing the lattice thermal conductivity. Thus, we can
expect that more enhanced thermoelectric performance (or higher
ZT) can be achieved via effective thermal transport control by the Al
content (xa;) in Al,CoCrFeNi HEAs. However, the Al content also in-
fluences other properties of Al,CoCrFeNi, including the crystal
structure, mechanical, electrical, magnetic, anticorrosive, and ther-
modynamic properties [20-24]. Therefore, the study of Al,CoCrFeNi
for thermoelectric performance requires comprehensive under-
standing of the Al content effects on various properties that con-
tribute to the thermoelectric efficiency. Only a few experimental
studies have been performed on the thermoelectric properties of
Al,CoCrFeNi; for example, Shafeie et al. [8] reported electrical con-
ductivity (¢), Seebeck coefficient (S), thermal conductivity (k), power
factor (652), and figure of merit (ZT) for 0 < xa; <3 in the temperature
range of 100-900 °C. However, to our best knowledge, comprehensive
computational study has not been found yet.

Through effective parametric control, computational approaches
can facilitate the identification of effects of a specific control para-
meter on material properties. For multi-component alloy systems,
several computational studies have been successfully performed to
investigate the effects of element concentration. For example, first-
principles calculations have been employed to study the effect of Mn
and Al contents on the elastic properties, structural stability, and
magnetic properties of FeCoNi-based alloys [25], BCC Al Hf;_4NbTa-
TiZr [26], and Al,CrMnFeCoNi HEAs [27]. This research aims to
identify the effects of Al content on thermoelectric performance of
Al,CoCreFeNi HEAs (0 < xa; < 2), the lattice thermal conductivity
(k;), electronic transport (¢ and k.), thermoelectric conversion
coefficient (S), etc. over a wide temperature range (300-1200 K)
using molecular dynamics (MD), density functional theory (DFT),

Journal of Alloys and Compounds 883 (2021) 160811

and the Boltzmann transport theory. Simulation results are com-
pared with the experimentally measured phonon density of states.

2. Methodology

The atomic structures of the examined Al,CoCrFeNi HEAs present
stable crystalline orders over the temperature range of 300-1200 K.
Previous experimental works have shown that the stable phase of
the HEAs changes from FCC to BCC structures as the Al content (xa;)
increases [20,24,28]. In the current research, the crystalline structure
and the lattice constant were determined by a minimum energy
calculation in MD and DFT. In these models, the initial structures
were created via random and uniform distribution of the constituent
elements (Al, Co, Cr, Fe, and Ni) in the simulation space according to
the corresponding Al concentration of each HEA, as shown in Fig. 1a
[29]. Nine Al concentrations were modeled, which result in the
atomic number ratio Al:Co:Cr:Fe:Ni of x4;:1:1:1:1, where x4, =0, 0.3,
0.5, 0.75, 0.875, 1, 1.25, 1.5, and 2.

Among the properties for thermoelectric performance, the
phonon contribution to thermal transport in Al,CoCrFeNi was in-
vestigated, using classical MD simulations. A phonon spectrum
(density of states, D,) was also calculated to validate the MD simu-
lations by comparing with experimental values and to understand
the change in phonon transport. In the classical MD simulations, the
interactions in the AI-Cr-Co-Fe-Ni elements were calculated em-
ploying the embedded atom model (EAM) potential [30,31]. The
EAM potentials have been widely employed to simulate various
metallic processes in atomic scale and found successful in capturing
many-body effects of metallic bonding [30-33]. Newton’s equations
of motion were integrated using the Verlet algorithm [34] with a
time-step of 0.5 fs. Modeling was repeated with at-least five dif-
ferent initial structures for each Al concentration to verify the lat-
tice-constant and crystal-order determinations. To examine the
mass-mismatch effect on the phonon properties (i.e., the phonon
density of state and lattice thermal conductivity) of the HEAs, a
second series of simulations were performed, which assigned the
mass of Al to match the average of the other elements, 56.367 g/
mole. An energy minimization using the conjugate gradient (CG)
algorithm [35] with a force and energy precision of 1.0 x 1071° eV/A
was applied to the initial structures. Comparing the respective en-
ergy values of FCC and BCC cases, the crystal order of the lower
energy value was determined for each Al concentration.

Phonon density of states (Dp) is calculated using the Fourier
transform of the velocity autocorrelation function from the MD si-
mulations [36]. The velocity data for the D, calculations were ob-
tained from simulations with 10 x 10 x 10 supercells of an FCC or BCC
lattice containing 4000 or 2000 of randomly distributed Al, Co, Cu,
Fe, and Ni atoms. A canonical ensemble (NVT; constant number of
atoms, volume, and temperature) with Nosé thermostats was em-
ployed, and the last 50 ps of simulation data were used for the ve-
locity autocorrelation.

To validate the calculated D, from MD, we also measured D, via
neutron scattering experiments. Polycrystalline ingots of the pro-
posed HEA compositions were prepared by arc melting and sub-
sequent annealing as described previously [23], and a 1cm
diameter x1cm tall cylinder was cut from the ingot. The D, of the
prepared sample was measured on the Disc-Chopper Spectrometer
(DCS) at the National Institute for Standards and Technology. Mea-
surements were performed by heating the sample to 500K in va-
cuum then illuminating it with 2.5 A wavelength neutrons; using a
time-of-flight scheme the change in the kinetic energy of the neu-
tron after scattering is determined. Since the samples are poly-
crystalline, the diffraction pattern from the scattering appears as a
ring, which is integrated to resolve scattering intensity versus
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Fig. 1. (a) 10x 10 x 10 supercell for energy and phonon spectrum analysis via classical MD simulations, and (b) non-equilibrium MD simulation setup for the lattice thermal
conductivity calculation with a 100 x 10 x 10 supercell. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

momentum transfer vector (q) and the change in the neutron energy.
The one-dimensional generalized density of states is generated by
integrating the scattering intensity across all g; the scattering in-
tensity is corrected for the Fresnel decay and a Boltzmann factor
representing an activation probability. Results were analyzed using
the DAVE software package [37].

The lattice thermal conductivity of AlyCoCrFeNi HEAs (k;) is ex-
amined by analyzing the heat flow and temperature distributions
generated by a non-equilibrium temperature setup in MD.
100 x 10 x 10 supercells (40,000 atoms for FCC and 20,000 atoms for
BCC structures) are created for the nonequilibrium MD simulations.
A non-periodic and fixed boundary condition is applied to the x di-
rection, while periodic boundary conditions are to the y and z di-
rections. To achieve fixed boundary conditions in the transport
direction (x-direction), we fixed a few layers of atoms at the both
ends of the HEA length ([0, L/20]gt and [19L/20, L], where total
length, L = 100g, and a is the lattice constant), as shown in Fig. 1b.
Then, next to the both fixed layers, hot (heat source, T;) and cold
(heat sink, Tg) thermostats are applied within a length of L, =L/10
(red and blue shades in Fig. 1b, respectively). The system length (Ly.
¢) is defined by the distance between two thermostats. To calculate
thermal conductivity at T, (T+ AT/2) and (T - AT/2) are prescribed to
the hot and cold thermostat regions, and AT=100K was employed
over the examined temperature range to observe a clear tempera-
ture gradient. For the calculation of a heat flux (q, W/m?) and tem-
perature gradient (VT, K/m), we employed 5 ns of simulation data,
which ensure small enough fluctuations in the calculation. Then,
the lattice thermal conductivity is calculated, using Fourier’s law
(k. = -q/ VT) [38].

The electronic-band structures of Al,CoCrFeNi for thermoelectric
properties involving electrons (e.g., ke, oe, and S) are obtained from
first-principles calculations, employing DFT. All the DFT simulations
in the current research were performed, using the Vienna ab simu-
lation package (VASP) [39] with the projector augmented wave
(PAW) potentials [40]. The electronic exchange-correlation interac-
tion was treated by the Perdew-Burke-Ernzerhof (PBE) functional
with the generalized gradient approximation (GGA) [41]. The
Methfessel-Paxton technique [42] was adopted with a smearing
parameter of 0.2 eV. The plane-wave energy cutoff was set to 400 eV,
and the electronic-energy convergence criterion to 107 eV. A
2x2x2 I'-centered k-point mesh, which leads to 8 x-points, was
used to conduct the integration over the Brillouin zone. For a wide
temperature range of 300-1200K, we employed molecular dy-
namics, using the force field from DFT calculations, i.e., ab initio MD
(AIMD). 3x3x3 FCC (108 atoms) and 4x4x4 BCC (128 atoms)

supercells were created for AIMD. Using a canonical ensemble, NVT
(i.e., constant number of atoms, volume, and temperature) with
temperature control by the Nosé thermostats [43], the atomic po-
sition and velocity data were updated with a single time step of
0.5 fs, and 4000 time step data were used for the analysis.

The AIMD results were then processed to evaluate the thermo-
electric properties for Al,CoCrFeNi (0 <xa, < 2), using the Boltzmann
transport theory. The transport coefficients, i.e., electrical con-
ductivity (o), Seebeck coefficient (S), and electronic thermal con-
ductivity (k.) tensors, can be calculated as a function of the
temperature (T) and chemical potential (x) by integrating the
transport distribution function (G,s) [1,44,45]:

s (T, ) = %jaaﬁ(m[—W]ds. 0
_ 1 , 0fo (T, E, u)
Ses(T, ) = mj(fi - M)Uaﬁ(E)[—T]dE @)
and

Keap (T, 1) = —2— [ (E - mZaaﬁ(E)[ =

_Of(T,E, ) dE
eT ’

(3)

where Q, frp, and e, are the unit cell volume, the carrier Fermi-Dirac
distribution function, and the electron charge, respectively. « and g
are tensor indices, and the transport distribution function is de-
fined as

I

N2 el ) s S~ Eik)

o §(E) (4)

where u,(i, k) is the a-th component of the group velocity, u(i, x), of
carriers, N is the number of sampled « points, i is the band index, and
x is the wave vector. The group velocity can be derived from the band
structure by:

C_faﬁ (E) =

. 1
u(l' K) = %Vin,xv (5)
where # is the reduced Planck constant.

Here, we fit the band structure data into the semi-classical
Boltzmann transport theory, which is carried out via the BoltzTraP
package [44]. Then, the thermoelectric properties of the HEAs are
calculated, using Eqs. (1)-(5), based on their band structures. In the
calculations of transport, the distribution function, the carrier re-
laxation time, , is a required input. For simplicity, we approximated
its value to a constant (single relaxation time approximation or



M.A.A. Hasan, . Wang, S. Shin et al.

SRTA), using the experimental data for these HEAs that are available
in the literature [8,22]. Then, the transport properties (i.e., electrical
conductivity, electronic thermal conductivity, etc.) are calculated
with respect to the relaxation time. On the other hand, the Seebeck
coefficient is independent of ¢z, assuming isotropic relaxation [44]
and can be directly obtained using only the band-structure in-
formation. This approach has been adopted by several researchers
previously and successfully employed to evaluate electrical transport
properties of thermoelectric compounds [46,47].

3. Results and discussion

Prior to classical MD simulations for the phonon transport ana-
lysis, the crystal structure and lattice parameter for each HEA were
evaluated by finding a minimum-energy atomic structure. In
Al,CoCrFeNi HEAs, due to the smaller atomic mass and larger size,
compared to other constituents, the Al content plays an important
role in the structural configuration [24,48-51]. Our simulations
confirm the dependence of Al content on the HEA structure, and
single FCC and BCC phases are observed for 0<x, <0.75 and
0.875 <xa; < 2, respectively.

The lattice constants corresponding to the minimum energy
states after relaxation are used to create the initial atomic structures
for further simulations. The lattice constants and phases from the
simulations agree well with the experimental values [20,24] as
shown in Fig. 2a, validating the use of classical MD modeling in this
work, including the interatomic potential. In general, increasing xa)
results in a larger lattice constant, increasing the average atomic
volume (or reducing the atomic density), and especially, a large
volume expansion is observed in the FCC-BCC transition as exhibited
in Fig. 2b. Additionally, the addition of Al atoms reduces the average
atomic mass (Mqayg), While increasing the standard deviation (mgq) of
the atomic-mass distribution.

The simulated and experimentally measured phonon density of
states (D,) for AlCoCrFeNi are shown in Fig. 3a and demonstrate
good agreement in their major peaks and overall shape. This
agreement demonstrates that our simulation model accurately de-
scribes the phonon behavior, which also supports the calculation
accuracy of the lattice thermal conductivity. We also calculated the
element-specific contributions to D, (D,,;, where i =Al, Co, Cr, Fe, and
Ni), as shown in Fig. 3b. These plots show that Dj, 4; tends to peak at a
much higher energy, = 45 meV, compared to its heavier counterparts
(Co, Cr, Fe, and Ni), which share similar peak positions at =20 meV.
The higher-energy peak in Al can be attributed to the light mass of
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the Al atoms. The reduced overlap between Dy, 5 and the other D
tends to cause scattering of the phonons, rather than long-range
coherent transport; suppression of coherent phonon transport di-
rectly corresponds to poor lattice thermal conductivity. A larger xa;
shifts of D, to higher phonon energy (Fig. 3c). However, as Fig. 3d
shows, no shift is observed when the mass mismatch of Al is ex-
cluded, that is, setting the mass of Al to match the average mass of
the other elements (56.367 g/mole). In addition, the transition to a
BCC phase at larger xa; causes lower D, at low energy, which can
reduce heat capacity and possibly contribute to further reduction of
the lattice thermal conductivity.

The lattice thermal conductivities (k;) of Al,CoCrFeNi from NEMD
simulations at 300K appear in the range of 2.88-7.43 W/m-K at
different Al contents (0 <xa; < 2), as shown in Fig. 4a. This range is
in good agreement with the experimental values of k; for
Al,CoCrFeNi [24]. Unlike other metallic materials, the phonon con-
tribution to the thermal conductivity is comparable to the electronic
contribution in the HEAs [22,24,52]. Therefore, the k; control is
important for the thermoelectric performance, especially at low
temperatures. These calculated results in Fig. 4a present that small
inclusions of Al initially cause a large reduction in k;, however, with
further inclusion the reduction is much less; a dramatic drop in k;
occurs at the FCC to BCC structural phase transition (x4 ~ 0.8). Re-
moving the mass effect, by setting the mass of the Al to 56.367 g/
mole, we observe larger k; values at all nonzero Al contents (xa),
compared to the simulations employing actual Al mass
(ma; = 26.982 g/mole), and this difference is more significant at
lower xa;s. These results show the critical impact of the mass mis-
match, but also implicate the role of scattering from another me-
chanism - lattice mismatch and a distribution in bonding
strength [53].

According to the kinetic theory [54], k; is inversely proportional
to the total phonon scattering rate, which includes the scattering by
Al and other scattering mechanisms (e.g., scattering by other
phonons, boundaries, electrons, etc.) represented by y, and j,pers
respectively,

kp o¢ ———
Yl T Yothers (6)

Higher x4, leads to more phonon scattering, i.e., larger y, by
mass and lattice mismatch, thus reducing k;. The considerable k;
reduction observed in our simulations confirms Al is an effective
phonon scatterer. The modeling shows the critical impact of mass
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Fig. 2. (a) Lattice constants of AlyCoCrFeNi (0<xa; < 2) from classical MD and experiments at room temperature (300K) [20,24] and (b) average atomic volume (Vq), mass

(Mayg), and standard deviation (mgq) of atomic mass with respect to xaj.



M.A.A. Hasan, . Wang, S. Shin et al.

Journal of Alloys and Compounds 883 (2021) 160811

0.07 T T T T T 0.07 T T T T T
—— AlCoCrFeNi (MD) T=300K —— AICoCrFeNi
0.06 + —— AlCoCrFeNi (Neutron Scattering) 0.06 ——  i=Al A
e — Co
. 0.05- 1 = 0.05 4 —— Cr 1
-~ 1 Nt 1 == 1 1  —_— - Fe
2 0.04- . g0044 LA N
= 0.031 ] ~ 0.031
Q Q
0.02 Neutron | 0.02-
0.01 0.01
0.00 : : : : : 0.00 o= : — ;
0 10 20 30 40 50 60 0 10 20 30 40 50 60
E, (meV) E, (meV)
(a) (b)
0.07 T T T r T 0.07 T T T r T
my; = 26.98 g/mole m, = e+ Mo+ My Myi _ 5¢ 34 g/mole
0.06 0.061 4 ]
3 x5 =03
005+ _ 8o
% % Ny
g 0.04+ =
E 0.03 1 SQ
0.02
0.01
0.00

Fig. 3. (a) Phonon density of states (D,) of AlCoCrFeNi (x4 = 1.0) with respect to the phonon energy (E,) from MD simulation (black solid) and its comparison with neutron
scattering experiment (red dashed). (b) Partial D, of the constituent elements (Al, Co, Cr, Fe, and Ni) of the AlCoCrFeNi HEA. (c) Dps of Al,CoCrFeNi (xa; = 0.3, 0.5, 1, and 2) with
consideration of Al mass mismatch and (d) those without Al mass mismatch at 300 K from MD simulations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. (a) Lattice thermal conductivity (k;) with respect to the Al content (xa;) calculated using non-equilibrium MD with and without consideration of Al mass mismatch.
(b) Lattice thermal conductivity (k;) with respect to temperature for FCC (x5 = 0.5) and BCC (xa; = 2.0) cases.



M.A.A. Hasan, . Wang, S. Shin et al.

Table 1

Relaxation time approximation for Al,CoCrFeNi (0 <x, < 2) with a total number of

108 atoms (FCC) and 128 atoms (BCC) at room temperature (300 K).

Xal Exp. electrical AIMD electrical Approximate
conductivity [22], conductivity with a relaxation
Gexp (x10° S/m) unity of relaxation time, 7 (ps)

time, o/ (10" S/m-s)

0 7.05 131 0.382

0.3 8.02 8.25 0.579

0.5 7.40 13.6 0.543

0.75 6.14 792 0.846

0.875  6.99 3.10 139

1 4.53 3.59 1.26

1.25 5.97 4.70 1.88

1.5 6.52 3.78 1.74

2 4.73 295 1.60

mismatch in reducing k;, especially for small x4}, and also implicates
the role of other factors (lattice mismatch and a distribution in
bonding strength) in increasing the scattering (y,,). The initially rapid
reduction of k;, which wanes at higher x4, can be explained by
Eq. (6) [53]: with the initial inclusion of Al, y; quickly becomes larger
than y,,ers causing the initial decrease in k;. At larger x,), the impact
of adding additional Al to an already disordered system are moot,
leading to an asymptotic limiting of k;.

To investigate the possibility of phonon-phonon scattering, the k;
of two HEA cases [x4 =0.5 (FCC) and 2 (BCC)] were simulated at
various T's, and showed little dependence on temperature as in
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Fig. 4b. If interphonon scattering is dominant over other scattering
mechanisms, k; would be expected to decrease with T (as observed
in many crystal materials) as a higher T leads to a larger phonon
population and more interphonon scatterings. Thus, this T in-
dependence demonstrates that scattering by random configurations
is more significant than the phonon-phonon scattering in
these HEAs.

In addition to suppressing k;, the electronic properties (k., o, and
S) play a critical role in determining the thermoelectric efficiency;
these properties are also affected by Al inclusion and are in-
vestigated here. The electron relaxation time (z) for the transport
coefficient of each HEA was estimated by comparing the electrical
conductivity with the available experimental transport data for
Al,CoCrFeNi [22] listed in Table 1. The calculated 7 values for BCC
HEAs are higher than FCC ones (i.e., more frequent electron scat-
tering). These larger relaxation times indicate less electron scat-
tering in the BCC structures. Therefore, better transport properties
are expected at higher Al concentrations.

Using the calculated z, electrical conductivities (s) are obtained at
different Al contents over a temperature range of 300-1200K, as
shown in Fig. 5a. Electrical conductivity increases as the temperature
increases in the BCC structures, while the electrical conductivity of
the FCC structures decreases with the temperature. Fig. 5b demon-
strates the dependence of the Seebeck coefficient (S) of the HEAs on
both temperature and Al concentration. The HEAs examined here
show positive S values only at x4, =0 and negative S values for the
rest of the HEAs over the temperature range, which represents that
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Fig. 5. (a) Electrical conductivity and (b) Seebeck coefficients for Al,CoCrFeNi (0 < xa;
(xa1 = 1.0) structures.

2) as a function of temperature, (c) Electron density of states for FCC (xo, = 0.5) and BCC
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Fig. 6. (a) Thermal conductivity (keora =ke +k;) and (b) ratio of electronic and lattice thermal conductivity with respect to temperature in Al,CoCrFeNi (0<xs < 2).
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Fig. 7. (a) Power factor (S%) and (b) the thermoelectric figure of merit (ZT) with respect to temperature in Al,CoCrFeNi (0<xa < 2).

dominant charge carriers in AlyCoCrFeNi vary with Al concentration
(holes for positive S, while electrons for negative S). Specifically,
larger negative S values appear at high temperatures, indicating their
n-type semiconducting nature. The absolute value of S increases
with temperature in a BCC structure while S value in a FCC structure
does not vary significantly. The maximum absolute S value (56.3 pV/
K) over our calculated temperature range is found at x4 =2.0 at
T=1200K.

The different temperature dependences of ¢ and S values in FCC
and BCC HEAs can be attributed to different shapes and energy peaks
in their electronic density of states from the analysis of the band
structures. The larger peak of the electron density of states (D.) near
the Fermi level is found to be higher in the BCC structures, compared
to the FCC structures, as illustrated in Fig. 5c. This peak was also
observed in other literatures [55-58]. Higher D, peaks near the
Fermi level will allow more electron carriers in the BCC HEAs, in-
creasing electrical conductivity and Seebeck values with the tem-
perature at higher Al contents. Moreover, in both BCC and FCC HEAs,
zero band gap was observed in their band structures, demonstrating
the metallic characteristics, i.e., the overlapped conduction and va-
lence bands.

The total thermal conductivity (kea) values are calculated by
adding the lattice thermal conductivities (k;) and electronic thermal

conductivities (k.) from MD and AIMD simulations, respectively. The
keotal Values appear in the range from 6.77 to 37.6 W/m-K over the
temperature range of 300-1200K for Al,CoCrFeNi, as shown in
Fig. 6a. The thermal conductivities present an increasing trend with
temperature in both FCC and BCC phases due to the increasing k.,
which is attributed to a larger number density of electrons, different
from the temperature independence of lattice thermal conductivity.
Thus, the electron contribution to the overall thermal transport
dominates over the phonon contribution, especially at high tem-
peratures in the BCC Al,CoCrFeNi (Fig. 6b).

Power factor (65%) provides comprehensive electrical perfor-
mance of the HEAs rather than S or ¢ alone. Fig. 7a demonstrates that
the power factor decreases or maintains constant values at lower
xa1s (i.e., FCC crystalline structures) with increasing temperature,
while it increases with temperature at higher xss with the BCC
structure. The thermoelectric power factor is found at xa; =2.0 is
0.31 mW/m-K? at 300K, which significantly increases with the
temperature and attains the maximum value of about 2.74 mW/m-
K2 at 1200 K. A combination of larger Seebeck coefficient and higher
electrical conductivity leads to a greater power factor in the BCC
structures.

Fig. 7b reveals that the temperature dependence of the figure of
merit (ZT) is strongly affected by the Al concentration. While the ZT
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values at lower Al contents do not vary significantly with tempera-
ture, and ZT at higher x,;s increases with T. The maximum ZT value is
found for x,; = 2.0 at 1200 K, which is over 25 times higher than the
ZT at xp =0 at the same temperature. Although the enhanced
phonon scattering by a large mass mismatch in Al,CoCrFeNi con-
tributes to lowering the thermal transport and thus, higher ther-
moelectric efficiency, it is not a major factor to control
thermoelectric performance, different from our initial hypothesis;
the dominant factor appears to be the BCC structure. However, the
results demonstrate that the significant improvement in the ther-
moelectricity of the HEAs can be achieved by controlling the light-
weight Al content in the Al,CoCrFeNi HEAs. Furthermore, their high-
temperature thermoelectric performance can make them more
competitive in the search for new promising thermoelectric mate-
rials for future high-temperature applications.

4. Conclusions

Effects of light-weight Al content on the thermoelectric proper-
ties of Al,CoCrFeNi high-entropy alloys (0<xa < 2) were in-
vestigated over a wide temperature range (300-1200K) using MD
simulations, DFT calculations, and Boltzmann transport theory. As
the Al concentration increases, the HEA phase changes from the FCC
to BCC structure, and the phonon scattering is largely enhanced by a
mass mismatch even with a small Al content, effectively suppressing
the phonon transport. Simulations showed that the other thermo-
electric properties of Al,CoCrFeNi HEAs were also strongly depen-
dent on the Al concentration. Larger Seebeck coefficients, electrical
conductivities, and electronic thermal conductivities are observed at
high x5 due to the increased electron carriers in the BCC structures,
which is supported by the calculation of the electronic band struc-
tures and density of states. While the temperature dependence of
the phonon transport is not found to be significant due to a minor
contribution of interphonon scattering, both the electrical con-
ductivity and Seebeck coefficient increase with temperature, espe-
cially at high Al concentrations. This feature allows us to conclude
that the thermoelectric performance of Al,CoCrFeNi HEAs is en-
hanced by increasing the Al content mainly due to the increase of
the thermoelectric power factor at high temperatures, but at low
temperatures, the phonon-scattering enhancement by a large atomic
mass mismatch is also important. This study will contribute to the
design of efficient thermoelectric HEAs for high-temperature appli-
cations. Further enhancement is expected to be achieved by more
comprehensive evaluation of the HEA’s structure and by considering
the chemical short-range order and quantification of the random
structures. Also, modern data analytics, such as machine learning,
can be employed to study a large number of HEAs and predict the
thermoelectric performance, thus guiding the experimentalists to
design high-performance thermoelectric HEAs effectively.
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