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ARTICLE INFO ABSTRACT

Keywords: High entropy alloys (HEAs) are alloys composed of five or more primary elements in equal or
High entropy 3110}’ nearly equal proportions of atoms. In the present study, the thermophysical properties of the
Molecular dynamics CoCrFeNiCu high entropy alloy (HEA) were investigated by a molecular dynamics (MD) method

Lattice thermal conductivity
Volumetric specific heat capacity
Phonon density of states

Phonon mean free path

at nanoscale. The effects of the content of individual elements on lattice thermal conductivity k,
were revealed, and the results suggested that adjusting the atomic content can be a way to control
the lattice thermal conductivity of HEAs. The effects of temperature on k, were investigated
quantitively, and a power-law relationship of k, with T-%41% was suggested, which agrees with
previous findings. The effects of temperature and the content of individual elements on volu-
metric specific heat capacity Cy, were also studied: as the temperature increases, the C, of all HEAs
slightly decreases and then increases. The effects of atomic content on C, varied with the
comprising elements. To further understand heat transfer mechanisms in the HEAs, the phonon
density of states (PDOS) at different temperatures and varying atomic composition was calcu-
lated: Co and Ni elements facilitate the high-frequency vibration of phonons and the Cu envi-
ronment weakens the heat transfer via low-frequency vibration of photons. As the temperature
increases, the phonon mean free path (MFP) in the equiatomic CoCrFeNiCu HEA decreases, which
may be attributed to the accelerated momentum of atoms and intensified collisions of phonons.
The present research provides theoretical foundations for alloy design and have implications for
high-performance alloy smelting.

1. Introduction

High entropy alloys (HEAs) are alloys composed of five or more primary elements in equal or nearly equal atomic proportions, and
every individual element accounts for 5 %-35 % in terms of the atomic content [1]. Such atomic ratio hinders the generation of
intermetallic compounds or complex phases in the alloy and instead favours the formation of simple solid solution phases [2,3], such as
face-centered cubic (FCC), body-centered cubic (BCC) and hexagonal close-packed (HCP) structures. HEAs exhibit four distinctive core
effects: the high configurational entropy effect, the lattice distortion effect, the slow diffusion effect and the “cocktail” effect [4]. These
core effects endow HEAs with exceptional mechanical strength and toughness [5,6], wear resistance [7-9], oxidation resistance [10],
corrosion resistance [11,12] and unique thermal properties [12]. HEAs are widely applied to various fields, including mechanics,
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chemistry [13] and biology [14]. Popular HEAs include cantor HEAs (FeCoNiMnCr [15]), refractory alloys (VNbMoTaW [16]) and
non-Cantor dual-phase alloys (e.g., AlCuSiZnFe [17]).

The term “high-entropy alloy” was introduced by Yeh et al. in 2004 [18,19]. The multiple principal elements in HEAs, especially
those with significant atomic radius differences, cause lattice distortion [20]. The lattice distortion and inherent chemical disorder of
HEAs lead to fluctuations in interatomic force constants and mass, resulting in intensified anharmonic phonon-phonon interactions
[21] and a reduced lattice thermal conductivity. Studies have shown that HEAs exhibit semimetallic characteristics, where the
contribution of phonons to heat conduction can be comparable to that of electrons [22]. Moreover, charge carriers can move freely
when the phonons are hindered and scattered, which is beneficial for achieving a high ZT (thermoelectric figure of merit) value as well
as a high efficiency in thermal-energy management [23]. These features suggest that HEAs are potential next-generation thermo-
electric materials. Therefore, researching the thermal physical properties and heat transfer mechanisms of HEAs is of great signifi-
cance. Over the past two decades, researchers have extensively studied the phase, microstructure and mechanical properties of the
HEAs. Recently, studies about the thermophysical properties, like thermal conductivity, of HEAs have emerged. As summarised in
Table 1, the thermal conductivity of HEAs is affected by a wide range of factors, including temperature, chemical composition and
microstructure.

A molecular dynamics (MD) method is a powerful tool to reproduce the atomic events inside a system. By solving Newton’s law of
motion of the constituent atoms, MD is able to track the trajectories of all the atoms and molecules [29] and is thus widely used to
interpret interesting phenomena in thermal [30-33], biological [34,35] and chemical reaction systems [36,37]. MD has also been used
to understand the mechanisms for some unique behaviours of HEAs. For example, Caro et al. [20] used the MD method to identify the
intermolecular interactions that could affect the thermal conductivity of HEA and thereby proposed the strategies to control the
thermal conductivity. By using an MD method, Shi et al. [38] clarified that the Alp3CoCrFeNi HEA has significant semi-metallic
features, and the heat conduction in such an HEA is mainly achieved by phonons. Such studies imply that MD could be an alterna-
tive but promising method to explore key features of the HEAs.

CoCrFeNiCu is a functional material that has the potential to be applied to harsh working conditions, like in the aerospace. To better
understand the performance of such a material, the mechanical and thermophysical properties of the CoCrFeNiCu should be inves-
tigated. Previous studies have demonstrated that the CoCrFeNiCu HEA performs well in resisting radiation and bacteria [39-41].
However, the thermophysical properties of CoCrFeNiCu are unknown, and the lack of the thermophysical data may hinder the
application of such an HEA to extreme conditions like high temperatures and high pressures.

In the present study, the thermophysical properties (thermal conductivity and volumetric specific heat capacity) of the CoCrFeNiCu
HEA are systematically investigated via the MD method. A series of MD simulations are performed to explore the influencing factors (e.
g., temperature and chemical composition) that may affect the thermal conductivity and the volumetric specific heat capacity of the
CoCrFeNiCu HEA. Furthermore, phonon density of states (PDOS) analysis is conducted to understand how the influencing factors affect
the heat transfer of HEAs. This research provides theoretical foundations for the design and optimisation of new HEA materials.

Table 1
Influencing factors of the thermal conductivity of HEAs from references.
Influencing HEAs Key findings Ref.
factors
Temperature Al,CoCrFeNi Thermal conductivity increases with temperature. [24]
CrMnFeCoNi The electrical and thermal conductivities are significantly reduced compared [25]

to Ni, and the temperature dependence of lattice thermal conductivity exhibits
a glasslike plateau.

Al,CoCrFeNi The thermal conductivity of the cast and annealed HEA increases with [23]
temperature.
Chemical Al,CoCrFeNi Thermal conductivity decreases with x in the single-phase region and is lower ~ [26]
composition than the most of the pure metals.
CoCrFeNiNb, Thermal conductivity increases with x at low temperatures but decreases with [27]
x at high temperatures.
WieoTazoVao, The presence of Ta, Ti, V and Cr could alter the trend of thermal conductivity [28]
WTavV, with temperature in W alloys.
WaoTagVaoTizo,
WTaVTi,
WTaVTiCr
NiCoFe, NiCoMn, NiFeMn, NiCoFeMn, NiCoCr, The presence of Cr/Mn/Pd significantly decreases thermal conductivity. [22]
NiCoFeCr, NiCoMnCr, NiCoFeMnCr, NiCoFeCrPd
Microstructure Al;CoCrFeNi The microstructures of cast and annealed HEA differ. At 300-800 °C, the [23]

thermal conductivity of the cast HEA is higher than annealed HEA at 1300 °C,
and the overall thermal conductivity of the annealed HEA at 1000 °C is the
lowest.
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2. Methods
2.1. Model construction and case set-ups

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) was employed to build the HEA model and conduct the
subsequent calculation [42]. The simulation domain was a cuboid with the length (X direction) and breath (Y direction) of 50 10\,
respectively, and a varying height (Z direction), [,. The details of the initial structure can be found in the Supplementary Materials.
Fig. 1 illustrates a typical initial configuration of the HEA model in the MD simulation.

To investigate the effects of chemical composition, size and temperature on the thermophysical properties of the CoCrFeNiCu HEA,
21 cases were set up as shown in Table 2.

Cases 1-10 were designed to investigate the influence of chemical composition, size and temperature on thermal conductivity k.
Cases 11-15 were designed to study the effects of atomic content of different elements and temperature on volumetric specific heat
capacity Cy. Cases 16-21 were designed to calculate phonon density of states with the atomic content of different elements and
different temperatures.

2.2. Simulation details and data post-processing

The interactions between Co-Cr-Fe-Ni—Cu atoms were calculated using an Embedded Atom Method (EAM) potential [39,43]
whose reliability had been confirmed in a previous study [44]. Indeed, the reliability of the EAM potential was also verified by the
present study: the average lattice constant of equiatomic CoCrFeNiCu HEA under the EAM potential in the present study is 3.553 A,
which agrees with the lattice constants reported from experiments (3.54 [o\) [45] and a density functional theory (DFT) study (3.56 A)
[46].

2.2.1. Construction of a metastable metallic structure

The HEA model was first energy-minimized at the target temperature. The structure was further relaxed in an NPT ensemble for 1
ns, and PBCs were applied to the X and Y directions and a shrink-wrapped boundary condition to the Z direction. After an additional
100-ps relaxation in an NVT ensemble, a metastable metallic structure of HEA was eventually formed. The details can be found in the
Supplementary Materials.

2.2.2. Calculation of thermal conductivity
In the present study, a Non-Equilibrium Molecular Dynamics (NEMD) [47] simulation was used to simulate the heat transfer
process. NEMD is an effective method for addressing heat and mass transfer problems, where the systems of interest are not in
thermodynamic equilibrium.
A Langevin method (Fig. 2a) was used to calculate the thermal conductivity k. Fourier’s Law of heat transfer then gives,
Jz

k=—Gr/az m

Element
® Fe
® Ni
Cr
® Co
® Cu

Fig. 1. A typical initial configuration of the CoCrFeNiCu HEA.
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Table 2
Cases set-up in the present study.
Case I, Ly, A I, A T,K Number of atoms Atomic ratio
1 50 80 300 18816 Co:Cr:Fe:Ni:Cu = x:1:1:1:1
2 50 80 300 18816 Co:Cr:Fe:Ni:Cu = 1:x:1:1:1
3 50 80 300 18816 Co:Cr:Fe:Ni:Cu = 1:1: x:1:1
4 50 80 300 18816 Co:Cr:Fe:Ni:Cu = 1:1:1: x:1
5 50 80 300 18816 Co:Cr:Fe:Ni:Cu = 1:1:1:1:x
6 50 60 300~1100 14112 Co:Cr:Fe:Ni:
7 50 80 300~1100 18816 Co:Cr:Fe:Ni:Cu = 1:1:1:1:1
8 50 100 300~1100 22736 Co:Cr:Fe:Ni:Cu = 1:1:1:1:1
9 50 150 300~1100 33712 Co:Cr:Fe:Ni:Cu = 1:1:1:1:1
10 50 200 300~1100 45080 Co:Cr:Fe:Ni:Cu = 1:1:1:1:1
11 50 50 300~1100 10976 Co:Cr:Fe:Ni:Cu = x:1:1:1:1
12 50 50 300~1100 10976 Co:Cr:Fe:Ni:Cu = 1:x:1:1:1
13 50 50 300~1100 10976 Co:Cr:Fe:Ni:Cu = 1:1: x:1:1
14 50 50 300~1100 10976 Co:Cr:Fe:Ni:Cu = 1:1:1: x:1
15 50 50 300~1100 10976 Co:Cr:Fe:Ni:Cu = 1:1:1:1:x
16 50 50 300 10976 Co:Cr:Fe:Ni:Cu = x:1:1:1:1
17 50 50 300 10976 Co:Cr:Fe:Ni:Cu = 1:x:1:1:1
18 50 50 300 10976 Co:Cr:Fe:Ni:Cu = 1:1: x:1:1
19 50 50 300 10976 Co:Cr:Fe:Ni:Cu = 1:1:1: x:1
20 50 50 300 10976 Co:Cr:Fe:Ni:Cu = 1:1:1:1:x
21 50 50 300~1100 10976 Co:Cr:Fe:Ni:Cu = 1:1:1:1:1
a fix area b Initial
Configuration
hot end -
No
Equilibrated?
Yes
z
. cold end S
X fix area nalysis

Fig. 2. Model and simulation flowchart. a. A Langevin model for calculating the thermal conductivity in an NEMD simulation. b. Flowchart for MD
simulation in the present study.

where Z is the direction of heat transfer (Fig. 2), J, is the heat flux between the hot and cold ends in the Z direction, and dT/dZ is the
temperature gradient generated.
The calculation details of the thermal conductivity can be found in the Supplementary Materials.

2.2.3. Calculation of volumetric specific heat capacity
The volumetric specific heat was calculated by Eq. (2) [48]:

(0E/0T),

C, =
14

)
where Cy is the volumetric specific heat capacity, E is the total energy, T is the temperature, and V is volume.

The calculation details of volumetric specific heat capacity capacity can be found in the Supplementary Materials. The simulation
flowchart for calculating thermal conductivity and volumetric specific heat capacity is shown in Fig. 2b.

2.2.4. Calculation of photon density of states

The phonon density of states in a material system gives the number of phonon states that can be occupied at a certain level of
frequency or energy, providing insights into atomic activity in materials. The Fourier Transform of the atomic velocity auto-correlation
function (VACF) obtained from MD simulations was used to calculate PDOS. The formulas are as follows [30,49]:

F()= Fi(o) ®
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_ <1/l,l(0)‘/m(t)> —27iwt
O TR R @

where w represents the vibration frequency of phonon, F,(w) denotes the partial PDOS, and V;,(t) and V;,(0) denote the velocities of the
ith particle of species « at time t and time 0, respectively. The bracket refers to the average of the atomic and temporal origins.

2.2.5. Statistics
For cases 1-15, five replicates with different initial configurations were simulated. For cases 16-21, three replicates with different
initial configurations were simulated. Unless otherwise indicated, data with error bars represent mean + SD (standard deviations).

3. Results and discussion

Thermal conductivity and specific heat capacity are two widely used thermophysical properties in heat transfer process. Herein, the
influencing factors of the thermal conductivity and specific heat capacity for HEAs are discussed in detail.

3.1. Lattice thermal conductivity

The thermal conductivity k of a material consists of the electronic thermal conductivity and the lattice thermal conductivity kp. As
the outputs of MD simulation are mainly atomic trajectories, the thermal conductivity discussed in this paper is the lattice thermal
conductivity. The effects of chemical composition in terms of content of the constituent atoms, size of the HEA and temperature on the
lattice thermal conductivity of the CoCrFeNiCu HEA are investigated.

a
42 o Fe
(1; . Ni
i\ o Cr
y a  Co
4.0 (i? o Cu

ke (W/(m K))

L
~

32

3.0

S 10 15 20 25 30 35
Atomic number content (at%)

b 0030

B isD
N

0.029

MSD (A%

HEA Co (&¢ Fe Ni Cu

Fig. 3. The lattice thermal conductivity k,, MSD and diffusion coefficients of the CoCrFeNiCu HEAs. a. Changes of lattice thermal conductivity k,
with the atomic content of five constituent elements. b. MSD and atomic diffusion coefficients of the CoCrFeNiCu HEA and the individual con-
stituent elements.
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3.1.1. Effects of chemical composition on k,

Cases 1 to 5 in Table 2 were conducted to investigate the effects of chemical composition on k;,. The chemical composition was
changed by varying the atomic number content of individual elements of the HEA from 5 at% to 35 at% at 300 K, and the corre-
sponding subscripts x for the HEA chemical formulas Co,CrFeNiCu, CoCryFeNiCu, CoCrFe,NiCu, CoCrFeNi,Cu and CoCrFeNiCu,
varied from 0.211 to 2.15.

Fig. 3a shows the changes in lattice thermal conductivity k, with the atomic number content of individual elements. The effects of
chemical composition on k;, are manifold: Cr and Fe elements slightly decrease k;,. Co and Ni elements enhance lattice thermal con-
duction as the atomic contents increase; by contrast, Cu hinders lattice thermal conduction as the atomic content increases. The slight
increase in kj, at 23 at% Fe content may be due to fluctuations of statistics.

According to the research of Caro et al. [20] and Chou et al. [26], both atomic radius and atomic mass in HEA affected the lattice
thermal conductivity. The incorporation of larger-sized atoms into the lattice of smaller-sized atoms resulted in lattice distortion,
which reduced lattice thermal conductivity. Herein, the average atomic radius of the Co, Cr, Fe, Ni and Cu atoms is 1.266 A.cr(1.284)
and Fe (1.27 A) atoms have slightly larger atomic radius than the average, and an insignificant decrease in k;, was observed. Cu (1.28 A)
has larger atomic radius and atomic mass which contribute to the decrease of k;, as the atomic content increases. The atomic radii of Co
(1.25 A) and Ni (1.25 A) are smaller the average radius of the HEA, and an increase in k; can be expected.

Fig. 3a further suggests that adjusting the atomic content of the constituent elements could be a way to control the lattice thermal
conductivity of HEA. Such findings will have potential for significantly reducing metallurgical costs. For example, HEAs with 20 at% of
Co atoms and 35 at% of Fe atoms can both achieve the thermal conductivity of 3.4 W/(m-K). The cost of HEAs with 35 at% Fe atoms is
expected to be lower than those with 20 at% Co atoms, as the Fe element has lower mining and smelting costs than those of the Co
element.

The addition of element could also cause lattice structure and atomic behaviour changes. Herein, the lattice distortion of the HEA
and individual atoms were calculated in terms of mean-square-deviations (MSD) of atoms [50,51] (Details can be found in the
Supplementary Materials). Also, the atomic behaviour changes were evaluated in terms of the atomic diffusion coefficients (D).
Fig. 3b compares the MSD and atomic diffusion coefficients among the HEA and individual comprising elements. As shown in Fig. 3b,
the addition of Cr and Cu atoms could cause severe lattice distortion, whilst the influences of Co, Fe and Ni on lattice distortion are
moderate. The addition of Cr could benefit the atomic diffusion, while Co, Fe, Ni and Cu could hinder atomic diffusions.

3.1.2. Effects of HEA size on k;

The simulated system investigated by MD is nanoscale, which the phonon mean free path (MFP) I, is close to the characteristic
length, and the effects of the HEA size on k;, should not be neglected. This section takes the equiatomic CoCrFeNiCu HEA as an example,
and the effects of HEA size on k;, is discussed (cases 6-10). The length (x-direction) and width (y-direction) of the simulation domain is
50 A; by varying the height (z-direction, I,) the HEA size is modified from 60 to 200 A.
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Fig. 4. Effects of the HEA size on the lattice thermal conductivity. a. The lattice thermal conductivity k;, changes with the HEA size at 300 K, 500 K,
700 K, 900 K and 1100 K. b. The fitting curve of 1/k, and 1/1, to calculate the lattice thermal conductivity after eliminating the size effect.
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Fig. 4a shows the change of the lattice thermal conductivity kj, with different HEA sizes at varying temperatures, and kj, increases
with the HEA size at all temperatures involved. The slope of the kj-I, curve decreases as the HEA size increases. The size effect on k; can
be eliminated as the simulation domain approach macroscale. The corrected thermal conductivity after eliminating the size effect is
determined by the inverse of the ordinate intercept of the 1/k;,-1/1, fitting curve [52,53] in Fig. 4b. The corrected lattice thermal
conductivity k;, after eliminating the size effect is provided in Table 3.

3.1.3. Effects of temperature on k,

Fig. 5 shows the lattice thermal conductivity k;, of bulk equiatomic CoCrFeNiCu HEA after eliminating the size effect as a function of
temperature in double logarithmic coordinates, and k;, decreases with the increase of temperature. A power law distribution can be
applied to the relationship between k, and T with the law’s exponent of —0.419 (i.e., k, ~ T-941%) which agrees with a previous study
[38].

3.2. Volumetric specific heat capacity

Cases 11-15 were conducted to study the effects of atomic content of different elements and temperature on volumetric specific
heat capacity Cy. CoCrFe,NiCu, CoCrFeNi,Cu, CoCr,FeNiCu, Co,CrFeNiCu and CoCrFeNiCu, (x = 0.21, 0.5, 1, 1.5 and 2.15) HEAs with
dimensions of 50 A x 50 A x 50 A were used to calculate the Cy.

Fig. 6 manifests the volumetric specific heat capacity C, of the CoCrFe,NiCu, CoCrFeNi,Cu, CoCr,FeNiCu, Co,CrFeNiCu and
CoCrFeNiCu, (x = 0.21, 0.5, 1, 1.5 and 2.15) HEAs with different element atomic content at 300 K-1100 K. As the temperature in-
creases, the volumetric specific heat capacity C, of all HEAs slightly decreases and then increases. A similar trend was also reported in a
previous study about the Aly 3CoCrFeNi HEA [38]. As the temperature rises to around 450 K, the interatomic motion barrier is broken
by the thermal activation, allowing the HEA to gradually transit to a steady state, and atoms are locally ordered in the short range. The
short-range ordered distribution of atoms means a reduced number of phonon modes, which accounts for the decrease in Cy. As the
temperature continues to rise, the material undergoes an order-to-disorder transition. At such point, due to the increase in entropy,
additional heat is absorbed by the HEA and Cy increases.

The effects of atomic content on C, vary with the elements: the addition of Fe and Cu leads to the reduction in Cy; by contrast, the
addition of Ni, Cr and Co increases the C, of the HEA. Co and Cr elements have the least impact on C, (3470-3540 kJ/(m3-K)), the
effects of Fe and Ni elements on Cy are significant (3450-3570 kJ/(m3~K)), and the influence of Cu element is relatively moderate
(3455-3550 kJ/(m>K)).

3.3. Phonon density of states

3.3.1. Effects of element atomic content on PDOS

To further understand the physical mechanisms underlying the change on the thermal conductivity of HEAs by the atomic content
of different elements, the phonon density of states was calculated (cases 16-20). The velocities of atoms were correlated every 5 fs for a
total integration time of 20 ps.

A probability density function was used to illustrate the PDOS distribution with vibration frequency, as shown in Fig. 7a to e. To
further identify the trend in individual figures, a cumulative distribution function was adopted. The cumulative phonon density of
States (CPDOS) was calculated by the integral probability of the phonons with the vibration frequency spreading from 0 to w, as shown
in Fig. 7f to j.

The PDOS are almost in the frequency range less than 12.5 THz, which agrees with previous calculations by Lokman Ali et al. [54].
In Fig. 7a to e, the PDOS has two peaks: the first peak almost overlaps as the atomic content varies, while the second peak, in the
high-frequency region, is either enhanced or diminished, thereby affecting the thermal conductivity. For Co,CrFeNiCu and CoCrFe-
Ni,Cu, the peak of the PDOS shifts towards high-frequency region as the atomic content increases, suggesting that Co and Ni elements
facilitate the high-frequency vibration of phonons. For the CoCrFeNiCu, HEA, as the atomic content of Cu increases, the peak of the
PDOS shifts towards the low frequency region, manifesting the Cu environment weakens the heat transfer via low-frequency vibration
of phonons. The low-frequency vibration of phonons further results in lower thermal conductivity values at higher Cu content [55].

3.3.2. Effects of temperature on PDOS for the equiatomic CoCrFeNiCu HEA

The PDOS of the equiatomic CoCrFeNiCu HEA was calculated for cases of different temperatures, as shown in Fig. 8. At all tem-
peratures, most of the phonons (about 80 % as shown in Fig. 8b) vibrate with a frequency between 4.4 THz and 9.8 THz (Fig. 8a). The
number of phonons vibrating at such a range increases as temperature decreases, accounting for the decreasing trend of k, with
increasing temperatures in Fig. 4a. High-frequency phonons (frequency >9.8 THz) are more likely to be observed in high temperature

Table 3

Corrected lattice thermal conductivity k, after eliminating the size effect.
Temperature (K) 300 500 700 900 1100
intercept of the 1/k,-1/1, curve 0.2330 0.2704 0.3161 0.3591 0.4006
R? of the 1/ky-1/1, curve 0.9870 0.9895 0.9977 0.9770 0.9955
k, (W/(m-K)) 4.292 3.699 3.163 2.785 2.496
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Fig. 5. The lattice thermal conductivity k;, of bulk equiatomic CoCrFeNiCu HEA after eliminating the size effect as a function of temperature
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Fig. 7. PDOS and CPDOS of CoCrFeNiCu HEAs. a. PDOS of the CoCrFe,NiCu HEA (x = 0.21, 0.5, 1, 1.5 and 2.15); b. PDOS of the CoCr,FeNiCu HEA
(x=0.21, 0.5, 1, 1.5 and 2.15); c. PDOS of the Co,CrFeNiCu HEA (x = 0.21, 0.5, 1, 1.5 and 2.15); d. PDOS of the CoCrFeNi,Cu HEA (x = 0.21, 0.5,
1, 1.5 and 2.15); e. PDOS of the CoCrFeNiCu, HEA (x = 0.21, 0.5, 1, 1.5 and 2.15); f. CPDOS of the CoCrFe,NiCu HEA (x = 0.21, 0.5, 1, 1.5 and
2.15); g. CPDOS of the CoCr,FeNiCu HEA (x = 0.21, 0.5, 1, 1.5 and 2.15); h. CPDOS of the Co,CrFeNiCu HEA (x = 0.21, 0.5, 1, 1.5 and 2.15); i.
CPDOS of the CoCrFeNi,Cu HEA (x = 0.21, 0.5, 1, 1.5 and 2.15); j. CPDOS of the CoCrFeNiCu, HEA (x = 0.21, 0.5, 1, 1.5 and 2.15).

cases, as high temperatures may induce the Umklapp scattering via which phonons are coupled to high frequency. When the tem-
perature rises, the interatomic distance increases due to the energized atoms, leading to reduced phonon interactions and reduced

phonon vibrations.
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Fig. 8. The PDOS and CPDOS in the equiatomic CoCrFeNiCu HEA at different temperatures. a. PDOS. b.CPDOS.

3.4. Mean free path of phonons

To gain additional insights into the phonon behaviour in equiatomic CoCrFeNiCu HEA, the mean phonon velocity v, phonon mean
free path (MFP) I, and lifetime of phonons 7 at different temperatures were calculated. The mean phonon velocity, v, can be obtained
from the slope of the 1/k,-1/1, fitting curve, [, can be obtained from the expression I, = 3kp/Cyv, and the mean phonon lifetime T equals
I,/v [52,53]. In Table 4, as the temperature increases from 300 K to 900 K, the phonon MFP is reduced by 46.5 %, the phonon velocity
increases by 19.9 %. Such result shows that the phonon MFP is more sensitive to the temperature change. As the temperature increases,
the atoms are accelerated and collisions are intensified. The accelerated thermal vibration of the lattice aggravates the lattice distortion
[56] and thus increases the probability of the lattice defects, causing the scattering of phonons and reducing the MFP of phonons. At
300K, the phonon MFPs of pure metals Cu, Co, and Ni are approximately 100, 70, and 85 A, respectively [57], which are much larger
than the MFP of the equiatomic CoCrFeNiCu. This indicates that adding elements could significantly reduce the MFP of the alloy.

4. Conclusions

In this study, the thermophysical properties, including lattice thermal conductivity k, and volumetric specific heat capacity Cy, of
CoCrFeNiCu HEAs were investigated, for the first time, by a series of MD simulations. The effects of the atomic content of the
comprising elements, the HEA size and the temperature on the k;, of nanoscale CoCrFeNiCu HEA were explored. The PDOS was used to
reveal the underlying mechanism of the influence of element atomic contents and temperature on the conduction behaviours of HEAs
from an atomic perspective.

The results show that k;, increases with the atomic contents of Co and Ni but decreases with Cu. The effects of atomic contents of Cr
and Fe on the lattice thermal conductivity is insignificant. After eliminating the size effect of the equiatomic CoCrFeNiCu HEA, k;, and
temperature T follows a power-law relationship with the order of temperature being —0.419 (i.e., kp ~ T-%419), As the temperature
increases, Cy of all HEAs slightly decreases and then increases. The PDOS analysis of the HEAs manifest that the phonons most vibrate
at a frequency range less than 12.5 THz, which agrees with previous findings. For the equiatomic CoCrFeNiCu HEA, most of the
phonons vibrate with a frequency between 4.4 THz and 9.8 THz. The number of phonons vibrating at such a range increases as

10
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Table 4

Average velocity, mean free path and lifetime of phonons.
Temperature ( K ) 300 500 700 900 1100
v (km/s) 3.392 3.628 4.063 4.068 3.657
I (A) 10.88 8.776 6.689 5.857 5.820
7 (ps) 0.321 0.242 0.165 0.139 0.162

temperature decreases, accounting for the decreasing trend of k, with temperatures.

This study suggests a way to control the thermophysical properties of HEA by varying the atomic contents and provides theoretical
foundations for material design of HEAs. In future research, DFT calculations can be conducted to gain additional insights into atomic
behaviour. Also, the effects of external forces such as pressure and magnetic fields on the thermophysical properties of HEAs can be one
direction for future research.
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