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Abstract
High-entropy alloys (HEAs) are currently the subject of extensive research.
Despite this, the effects of rapid cooling on their performance have yet to be
investigated. This study uses ab initio molecular dynamics to investigate the
CrCoFeNiMnAlx (x= 0, 0.5 and 1) HEAs under a rapid cooling process. It has
been observed that the three HEAs all formmetallic glass at 300 K under a con-
stant cooling rate of 1.25 × 102 K ps−1, mainly composed of icosahedron and
face-centered cubic clusters. Secondly, the glass transition temperatures (Tg)
are predicted to be 1658 K for CrCoFeNiMn, 1667 K for CrCoFeNiMnAl0.5,
and 1687 K for CrCoFeNiMnAl, respectively. It can be seen the Tg of HEAs
increases with the content of Al increasing. Eventually, a relationship between
structure and dynamics is established by using the five-fold local symmetry
parameters and shear viscosity, which proves that structural evolution is the
fundamental reason for dynamic deceleration. The present results contribute
to understanding the evolution of the local structure of CrCoFeNiMnAlx and
provide a new perspective for studying the structural mechanism of dynamic
retardation in HEAs.
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1. Introduction

The high-entropy alloy (HEA) is first proposed and named by Yeh et al [1] in 2004 and can
generally be defined as new materials with 5 or more elements, each element accounting for
between 5% and 35% of the total atomic number [2, 3]. Unlike the traditional alloys, which
tend to undergo material embrittlement with metal type increasing, the composition of HEA is
complex, and the atoms of constituent elements are randomly and disordered in the lattice pos-
itions, leading to the HEA with a high entropy effect in thermodynamics, slow diffusion effect
in dynamics, lattice distortion effect in structure and cocktail effect in performance [4]. The
mixing entropy of the material greater than 1.6 R (R is a gas constant) results from this novel
mixing mode which reduces the Gibbs free energy of the material, inhibits the formation of
intermetallic compounds and intermediate equal complex phases, and tends to form disordered
solid solutions, such as face-centered cubic (FCC), body-centered cubic (BCC), and hexagonal
close-packed structure [5]. It is also found that each principal element in HEA affects the over-
all properties of the alloy together, and shows its characteristics and compound effects through
the interaction of alloying elements as well. For instance, Wang et al [6] added Al element to
CoCrCuFeNi HEA and found that it could improve the oxidation resistance of the HEA at
high temperatures and promote the formation of the BCC phase, leading to the improvement
of strength. Further, amorphous structures may be precipitated in the HEA, which can signific-
antly improve its mechanical properties in terms of solid solution strengthening, precipitation
strengthening, and nano/amorphous composite strengthening. Currently, there are two ways to
obtain amorphous structures. One is to destabilize the crystalline solid phase into a disordered
solid phase, such as stretching [7]. However, this amorphization only occurs in localized dis-
location areas, such as crack tip fields. Rapid cooling of metal melts is another major route
of amorphization, which maintains dynamic disorder in the liquid phase of the rapidly cooled
liquid phase and can be used to produce bulk amorphous alloys [8]. Therefore, amorphization
CrCoFeNiMnAl may have excellent properties that traditional materials cannot match, such
as outstanding performance in mechanics, electromagnetism, high-temperature resistance, and
corrosion resistance, so it is regarded as one of the key candidate materials that are expected
to solve the bottleneck problems of material performance in the current engineering field

Although the influence of Al content on CrCoFeNiMn HEA has been explored widely by
experiments, the properties of liquid and amorphous HEAs have not been explicitly studied
[9–11]. The properties of the liquid phase, especially transport and thermodynamic properties,
play an important role in understanding and predicting the microstructure evolution model of
HEAs during solidification. These liquid local structures also provide very important bench-
mark results for the development of the classical force field model. Additionally, after fast
cooling, the multi-component metal melt will maintain an amorphous phase, namely metallic
glass. It not only has the advantages of metal and glass, but also overcomes their respective
disadvantages, such as higher strength than steel, higher hardness than high hardness tool steel,
and equipping certain toughness and rigidity. Despite the importance of liquid and amorph-
ous properties, their experimental measurement in high-temperature melts and rapid cooling
is challenging, and AIMD simulations have emerged as a powerful framework for studying
HEAs. In this study, AIMD simulations are conducted to investigate three kinds of HEAs with
chemical compositions of CrCoFeNiMn, CrCoFeNiMnAl0.5, and CrCoFeNiMnAl, respect-
ively, to comprehensively explore the effect of Al content on the solidification process of
CrCoFeNiMnAlx.

2



Modelling Simul. Mater. Sci. Eng. 32 (2024) 065008 L Wang et al

Figure 1. The structural model of CrCoFeNiMnAl HEA.

2. Methodology

AIMD simulations of CrCoFeNiMn, CrCoFeNiMnAl0.5, and CrCoFeNiMnAl alloys are
implemented by the Vienna Ab-Initio Simulation Package [12–14]. The exchange-correction
energy of the electrons is treated by the generalized gradient approximation in the form of
Perdew–Burke–Ernzerhof functional [15, 16]. The electron-ion interaction is approximated by
Projector-Augmented-Wave pseudopotentials [17, 18]. The wave function of valent electrons
is expanded in plane wave basis set with an energy cutoff of 400 eV and the energy conver-
gence criterion of the electronic self-consistency is set to 10−6 eV per atom [19]. Newton’s
equation of motion is solved through Verlet’s algorithmwith a time step of 3 fs. The spin polar-
ization is utilized in the simulation because elements Cr, Co, Fe, Ni, and Mn have unpaired
electrons in their valent shells.

The simulated CrCoFeNiMn alloy is composed of 20 Cr, 20 Co, 20 Fe, 20 Ni, and 20
Mn with a molar percentage of 20% for each element [20, 21]. For the CrCoFeNiMnAl0.5
alloy, ten extra Al atoms are added to the CrCoFeNiMn alloy with 9.09 at% of Al; For the
CrCoFeNiMnAl alloy (figure 1), 20 Al atoms are added with the concentration of Al at 16.67
at%. Only Γ point is considered to sample the supercell Brillouin zone. All dynamical sim-
ulations are performed in the NVT (i.e. constant atom number, volume, and temperature)
ensemble by means of a Nosé–Hoover thermostat to control temperature. The equation of
motion is solved through Verlet’s algorithm with a time step of 3 fs. To avoid the memory
effect from the initial random structure, the initial configurations are heated to 3000 K, tak-
ing CrCoFeNiMnAl alloy as an example, as shown in figure 1, and then step-wise cooled
down to 2700, 2400, 2100, 1800, 1500, 1200, 900, 600, and 300 K at constant cooling rates of
1.25× 102 K ps−1. After quenching down to the desired temperature, the equilibrium volume
of supercells is obtained by adjusting the internal pressure close to 0 [22]. At each target tem-
perature, the equilibrium volume is used as input configuration in the following 10 000 steps
of NVT ensemble simulation [23–26]. The first 6000 steps are used to relax the system to
reach thermal equilibrium and the remaining 4000 AIMD steps are used for the analysis of the
structure and kinetic properties.

The simulated densities of the studied systems can be obtained from the equilib-
rium volume. At 300 K, the simulated densities of CrCoFeNiMn, CrCoFeNiMnAl0.5, and
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CrCoFeNiMnAl are 8.23, 7.63, and 7.22 g cm−3, respectively. Li et al [27] measured the dens-
ity of CrCoFeNiMn manufactured by selective laser melting technology is about 7.9 g cm−3.
The error between this value and the simulated density of 8.23 g cm−3 is within a reasonable
range with an absolute deviation of about 4.18%. From the analysis, the structural optimization
method in this study provides a satisfactory volume.

3. Results and discussions

3.1. Radial distribution function

The radial distribution function (RDF) is a pair correlation that expresses the probability of
finding atoms as a function of distance r from an average center atom. The structure inform-
ation is reflected by the peak position, peak shape, intensity, etc. Typically, the atoms in the
nearest-neighbor shell, contributing to the first peak in RDF, form a short-range ordered struc-
ture. The partial RDF of atom pair i–j is defined as follows [28],

gij (r) =
V
NiNj

⟨
Ni∑

α=1

nαj (r, ∆r)
4π r2∆r

⟩
(1)

where V is the volume of the supercell, i is the central atom, j is the coordination atom, Ni and
Nj are the numbers of i and j atom in the supercell, respectively, nαj(r, ∆r) is the number of j
species in the sphere shell from r to r +∆r, and the symbol ⟨· · · ⟩ represents the time average.

Figure 2 exhibits the total radial distribution function (TRDF) of three HEAs as a function
of temperature and the partial radial distribution function (PRDF) of CrCoFeNiMn melts at
1800 K. From figure 2(d), it is obvious that the intensity of the first peak is different, especially
the Cr–Cr pair, which has the lowest intensity but the widest spectrum compared with all other
pairs. Except for the first peak, the PRDFs of all pairs almost overlap. These two phenomena are
consistent with research results from Ding et al [29]. In addition, from table 1, the positions of
the three peaks of TRDFs for three HEAs are situated at 2.40–2.46, 4.07–4.18, and 4.75–4.83Å
at 300 K, respectively. In comparison, previous studies by Jiang et al [30] and Li et al [31]
using molecular dynamics simulations have reported the three peak positions of AlxCoCrFeNi
at about 2.5, 4.25, and 5.0 Å and for AlCoCrCuFeNi at approximately 2.5, 4.18, and 4.90 Å
at same temperature. Given the absence of available experimental data for the investigated
systems, we compare our results only to those frommolecular dynamics simulations of similar
systems.While these comparisons are not strictly rigorous, they do provide reasonable support
for our FPMD simulations. Therefore, we explore the AIMDmethod to predict the typical local
structures evolution and dynamics properties of the three HEAs.

Figures 2(a)–(c) show that in the temperature range of 3000–1800 K, all TRDFs display
an intense first peak, a distinct second peak, and a weak third peak, which is the common
behavior of liquid at high temperatures. The amplitude of these peaks gradually increases with
the decrease of temperature, indicating that the degree of the dense and ordered arrangement
of atoms is enhanced. In addition, with the decrease of temperature, the position of the first
peak gradually moves to the right. At 1500 K, the second peak tends to split into two sub-
peaks, and the third peak suddenly becomes strong, meaning that the HEAs are on the eve of
phase transformation. As the temperature decreases from 1200 to 300 K, the second peak of all
TRDFs splits into two sub-peaks, and the sub-peak on the left is slightly higher than the right
one, which is an indicator of amorphous transformation. Zhang et al [32] and Liu et al [33]
reported that the Ri/R1 (Ri is the ith peak position) of liquids and glasses has a universal scaling
behavior, that is, the R1/R1 and R2/R1 of all liquids are about 1.00 and 1.86, while the Ri/R1
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Table 1. The first peak position R1 (Å) of TRDFs and ratios Ri/R1 for liquid and the
obtained solid glass under the constant cooling rate.

System T (K) R1 R1/R1 R2/R1 R3/R1 R4/R1 R5/R1

CrCoFeNiMn
300 2.40 1.00 1.74 1.98 2.59 3.45

1800 2.37 1.00 1.84 2.68 3.53

CrCoFeNiMnAl0.5
300 2.44 1.00 1.67 1.98 2.54 3.46

1800 2.38 1.00 1.86 2.70 3.54

CrCoFeNiMnAl
300 2.46 1.00 1.67 1.96 2.52 3.43

1800 2.42 1.00 1.79 2.67 3.60

SPO theory 1.00 1.80 2.60 3.40
Statistical value 1.00 1.73 2.00 2.64 3.45

Figure 2. The temperature evolution of TRDFs of (a) CrCoFeNiMn, (b)
CrCoFeNiMnAl0.5, and CrCoFeNiMnAl (c). For clarity, each curve is vertically
displaced from the curve below. (d) is PRDFs of CrCoFeNiMn melt at 1800 K. (Note
that, for clarity, each curve has been vertically displaced from the curve below.).

(i= 1, 2..5) for all metallic glasses are close to standard values:
√
1(1.00),

√
3(1.73),

√
4(2.00),√

7(2.64), and
√
12(3.46) [32]. A statistical analysis of the RDF, normalizing all the peak

positions Ri (i= 1, 2…5) to R1, is executed to further research the structural characteristics of
the HEAs under a constant cooling rate, 1.25 × 102 K ps−1. The ratios of Ri/ R1 (i = 1–4 for
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undercooled liquid at 1800 K and i = 1–5 for solid glass at 300 K) in TRDFs are calculated
and listed in table 1. It can be found that the Ri/R1 of three HEAs at 1800 K is about 1.00,
1.83, 2.68, and 3.56, consistent with the values (1.0, 1.80, 2.60, and 3.40) originated from
spherical-periodic order (SPO) theory, whichmeans that the arrangement of atoms in theHEAs
undercooled melt can be well described by the SPO theory. At 300 K, the values of Ri/R1

(i = 1–5) are approximately 1.00, 1.74, 1.98, 2.59, and 3.45, respectively. These ratios of
Ri/R1 (i= 1–5) are almost the same as

√
1,
√
3,
√
4,
√
7, and

√
12, suggesting that under such

a cooling rate, the three HEAs form amorphous structure, named metal glass. However, it is
worthmentioning that the difference ofRi/R1 (i= 3 and 4) between solid glass and undercooled
liquid is significant, which is related to the local translational symmetry. To sum up, the global
atomic packing in the CrCoFeNiMnAlx HEAs can be described by the combination of SPO
and local translational symmetry.

3.2. Voronoi tessellation analysis

Due to the limitation of statistically average RDFs in the three-dimensional structure inform-
ation, the Voronoi tessellation method is employed to further explore the short-range arrange-
ment of atoms. The Voronoi polyhedron (VP) is represented by Schläfli’s notation, ⟨n3, n4, n5,
n6⟩, where ni is the number of faces with i vertices. The Voronoi indices of standard BCC,
FCC, and ICOS are ⟨0, 6, 0, 8⟩, ⟨0, 12, 0, 0⟩, and ⟨0, 0, 12, 0⟩, respectively [32].

It has been previously reported that the preference for polyhedrons depends on the effect-
ive atomic radius ratio (R

∗
) between the solute and solvent. With the reduction of R

∗
, the

preferred polyhedron change from a Frank–Kasper polyhedron (R
∗
> 1.2) to an icosahedron

(R
∗
< 0.902), and then to a bi-capped square Archimedean antiprism polyhedron (R

∗
< 0.835),

and finally to a tricapped trigonal prism packing type polyhedron (R
∗
< 0.732) [34]. In this

study, since the proportion of each element in the high entropy alloy is similar, each ele-
ment can be a solvent or solute. Consequently, according to the Goldschmidt radii, the R

∗
is

between 0.87 (Ni/Al) to 1.15 (Al/Ni), predicting icosahedral dominance in HEAs melt. The
top 18 Voronoi indices of three HEAs at four representative temperatures (300, 1500, 1800,
and 3000 K) are displayed in figure 3. During the cooling process, the clusters in the three
HEAs all tend to form polyhedrons with Voronoi indices of <0, 3, 6, 4>, <0, 3, 6, 5>, <0,
4, 4, 6>, <0, 0, 12, 0>, <0, 2, 8, 2>, <0, 2, 8, 4>, <0, 2, 8, 5>, <0, 1, 10, 2>, <0, 1, 10,
3>, <0, 3, 6, 6>, <1, 2, 6, 3, 1>, <1, 3, 5, 4, 1>, and <1, 3, 4, 5, 2>. Although there are
numerous kinds of VPs, polyhedron <0, 3, 6, 4>, <0, 2, 8, 4>, and <0, 1, 10, 2> always
occupies a relatively large proportion during the whole cooling process.

To clarify the structural evolution of three HEAs in detail, these preferred polyhedra are
classified into four categories [35]: (a) <0, 3, 6, 4>, <0, 3, 6, 5>, <0, 4, 4, 6>, and <0, 4, 4,
7> are considered to be FCC-like clusters; (b) <0, 6, 0, 8> represents BCC-like clusters; (c)
<0, 0, 12, 0>,<0, 1, 10, x>,<0, 3, 6, 3>,<0, 2, 8, x> (x= 1, 2…6), and<1, 0, 3, 9> repres-
ent ICOS-like clusters; (d) the remaining Voronoi indices are unknown structures. Based on the
rule, it is obvious that the ICOS-like and FCC-like clusters have been already populated in the
three HEAs because of the cluster<0, 3, 6, 4>,<0, 3, 6, 5>,<0, 4, 4, 6>,<0, 2, 8, 2>,<0, 2,
8, 4>, and<0, 1, 10, 2> existing in both liquid and glassy state. Furthermore, the variation of
ICOS-like and FCC-like clusters with the decrease in temperature is plotted in figure 3(d). In
the temperature range of 3000–1800 K, that is alloy melt, the fraction of ICOS-like and FCC-
like clusters varies between 8.19%–23.71% and 6.15%–11.87% for CrCoFeNiMn, 7.87%–
22.15% and 5.87%–10.71% for CrCoFeNiMnAl0.5, and 7.26%–20.03% and 5.40%–10.88%
for CrCoFeNiMnAl, validating above hypothesis that icosahedral dominates in HEAs melt.
At 1500 K, the amount of ICOS-like clusters in the three HEAs rises drastically by over
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Figure 3. Fraction of main Voronoi indices in CrCoFeNiMn (a), CrCoFeNiMnAl0.5 (b),
and CrCoFeNiMnAl (c) melts at four temperatures, from left to right, they are 300,
1500, 1800, and 3000 K, and the fraction of ICOS-like and FCC-like clusters versus
temperature (d).

80% and that of FCC-like clusters normally raises about 20%, which is achieved by deplet-
ing various low population VP types with low symmetry. This means that compared with
high-temperature melts, the atomic structure at this temperature becomes heterogeneous, and
the increase of these clusters leads to the first peak of the RDF curve becoming sharper with
the decrease in temperature. As the temperature drops from 1200 to 300 K, the percentage of
ICOS-like clusters continues to increase. At 300 K, the ICOS-like cluster and FCC-like cluster
of CrCoFeNiMn are 63.62% and 14.08%, that of CrCoFeNiMnAl0.5 is 59.95%and 16.01%,
and that of CrCoFeNiMnAl is 39.07% and 23.83%. Correspondingly, the ratio of ICOS-like
cluster to FCC-like cluster is 4.52, 3.74, and 1.64, respectively. The different ratios lead to
different shapes of the second peak of RDFs.

3.3. Five-fold symmetry parameter

From the above discussion, we know that these three HEAs undergo phase transformation dur-
ing rapid solidification, from the liquid state at 1800 K to the glass state at 1500 K. To determ-
ine the glass transition temperature of HEAs under the cooling rate of 1.25 × 102 K ps−1, a
five-fold symmetry parameter W is introduced and defined as, [36–38]
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Figure 4. Temperature dependence ofW for the three HEAs. The inset shows the power
law relationship between W and T.

W=
∑
i

(
f5i ×Pi

)
(2)

where Pi is the percentage of polyhedron type i, and f5i is the percentage of the 5-edged polygon
in the VP and evaluated as follows,

f5i =
n5i∑

k=3,4,5,6 n
k
i

(3)

in which nki is the number of k-edged polygons in VP type i. The W of three HEAs as a func-
tion of temperature is revealed in figure 4. It can be seen that the W values of the three HEAs
increase with decreasing temperature, grow sharply between 1800 and 1500 K, and lightly
raise for CrCoFeNiMn, slightly decrease for CrCoFeNiMnAl, and continuously increase for
CrCoFeNiMnAl0.5 after 1500 K. Furthermore, in the temperature range of 3000–1500 K, the
change of W with temperature seems to follow some functional relationship. The power law
of (1–W) ∼ (T–T1)α is employed to fitW as a function of temperature. As shown in the illus-
tration in figure 4, the simulated data are fitted well with the power law function, and the
statistical correlation parameter R2 is better than 0.99. The fitted values of T1 are 1409 K for
CrCoFeNiMn, 1417 K for CrCoFeNiMnAl0.5, and 1434 K for CrCoFeNiMnAl. Parisi and
Sciortino [39] reported that T1 was approximately equal to 0.85 Tg (Tg is the ideal glass trans-
ition temperature). Consequently, the values of Tg are 1658 K for CrCoFeNiMn, 1667 K for
CrCoFeNiMnAl0.5, and 1687 K for CrCoFeNiMnAl, respectively. A conclusion can be drawn
that with the increase of Al, the glass transition temperature (Tg) of HEAs increases.
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Figure 5. The total MSD of (a) CrCoFeNiMn, (b) CrCoFeNiMnAl0.5, and (c)
CrCoFeNiMnAl as a function of time at multiple temperatures and (d) the partial MSD
of each element in CrCoFeNiMnAl liquid at 1800 K.

3.4. Self-diffusion coefficients and dynamic susceptibility

The dynamic characteristics is another important information for a comprehensive understand-
ing of alloy properties. For this, the mean square displacement (MSD) as a function of time is
often used to the dynamic motion of atoms and is defined as,

R2
iα (t) =

1
Nα

⟨
Nα∑
i=1

|Riα (t+ τ)−Riα (τ)|2
⟩

(4)

where Nα is the total atomic number of species α, Riα is the coordinates of atom i, and τ is the
arbitrary origin of time. Figure 5 shows the total MSD of three HEAs at various temperatures
and the MSD of each element in CrCoFeNiMnAl alloy at 1800 K. In this case, the atomic
motion of the three HEAs can be divided into three parts: (i) In a very short time in the begin-
ning, owing to the ballistic motion of atoms, all MSD curves grow in a quadratic form with the
increase of relaxation time. During this period, the growth rate of the total MSD curve slightly
increases with the increase of Al content. This is because the ballistic motion is related to the
atomic mass. The smaller the mass, the faster the speed, as shown in figure 5(d). Therefore,
adding an Al element with a small relative atomic mass can improve the growth rate of the
total MSD curve. (ii) In the intermediate period, at high temperature, the intersection with the
linear diffusion region can be detected after ballistic growth, while at low temperature, a plat-
eau appears on the MSD curve and becomes more obvious with the temperature decreasing
because of the so-called ‘cage effect’. Each atom is surrounded by an effective cage formed by
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Figure 6. The dynamic susceptibility of (a) CrCoFeNiMn, (b) CrCoFeNiMnAl0.5, and
(c) CrCoFeNiMnAl as a function of time from 3000 to 1800 K.

adjacent atoms, which limits the movement of the atomwithin a range close to its original posi-
tion. From the figures 5(a)–(c), it can be found that theMSD curves of three HEAs show a clear
plateau at T⩽ 1500 K, which is an indicator of β-relaxation. This shows that the relaxation
time of different atoms in the whole system is different, and they have a distribution in space.
In other words, the system presents dynamic heterogeneity [39]. (iii) T⩾ 2100 K, the atoms
successfully escape the cage after a long enough time, resulting in a diffusive motion with a
linear dependence of MSD on time. However, T⩽ 1200 K, even after a sufficiently long time,
the MSD oscillates around a mean value, which implies that the atoms cannot run away from
the cage and are confined to the vicinity of the original position, with only thermal vibration.
The oscillating MSD curves also confirm that HEAs have solidified at these temperatures.

From the MSD analysis, the dynamic heterogeneity of the HEAs melts at 1800 K is not
distinct. To clarify this point, the dynamic susceptibility (χ 4 (t)) is calculated from the atomic
motion trajectory, which is obtained by the following equation [40],

χ 4 (t) = N−1
(
Q(t)2 −⟨Q(t)⟩2

)
(5)

where the Q(t) is the overlap function. The dynamic susceptibility of three HEAs from 3000
to 1800 K are shown in figure 6. χ 4 (t) approaches 0 in a very short time, and then reaches
a peak with the increase of time. If the time increases further, it will continue to decay to
0. This is because the dynamic non-uniformity is most obvious in the middle of time. More
importantly, as the temperature decreases, the peak value of χ 4 (t) will increase, and the time
corresponding to the peak value will also increase. This shows that the degree of dynamic
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Figure 7. The variation in total self-diffusion coefficients of the three HEAs with
temperature.

non-uniformity increases with the decrease of temperature, and the time required to reach the
maximum non-uniformity also increases. In addition, the peak of χ 4 (t) and the time to reach
the peak of the three alloys gradually increases with the temperature decreasing from 3000 to
2100 K, but when the temperature drops to 1800 K, the peak and time increase sharply. This
mutation means that the motion state of three HEAs melts changes from uniform at 2100 K to
heterogeneity at 1800 K.

From above discussion, we know that the atom motion of the three HEAs are homogen-
eous from 3000 to 2100 K. To further analysis, the total self-diffusion coefficients Dtot within
this temperature range are estimated from the slope of the MSD curve based on the Einstein
relation,

Dα = lim
t→∞

R2
iα (t)/6t (6)

in which α is atom type and t is the time elapsed. The temperature-dependent Dtot is plotted
in figure 9 and tested by Arrhenius formula,

Dα = D0e
−Eα/RT (7)

in which Eα is the activation energy of α species, D0 is the pre-exponential factor, and R
is the gas constant. It can be clearly seen from figure 7 that the Dtot can be perfectly fitted
by equation (7) with the values of R2 about 0.97. Fitting lnD and 1/T to a linear function, the
activation energies Eα of CrCoFeNiMn, CrCoFeNiMnAl0.5, and CrCoFeNiMnAl are achieved
at 48.64, and 56.44, and 66.51 kJ mol−1. Correspondingly, the pre-exponential factors D0 are
0.58 × 10−3, 0.93 × 10−3 and 1.48 × 10−3 cm2 s−1, respectively.
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Figure 8. The variation of ηwith the temperature above temperature Tg. The inset shows
the normalized shear auto-correlation function.

3.5. Structure-dynamic relation

To expound the structure-dynamic relationship, the shear viscosity of the three HEAs melts,
another key transport property characterizing fluid kinetic, is obtained from the shear auto-
correlation function [38],

η =
V
kBT

∞̂

0

⟨σαβ (t) ·σαβ (0)dt⟩ (8)

where η is the shear viscosity of HEAsmelt, V is the volume, kB is the Boltzmann constant, and
σαβ (t) is the off-diagonal components of the stress tensor at time t. The shear auto-correlation
function of CrCoFeNiMn from 3000 to 1800 K is depicted in the inset of figure 8.

The temperature dependence of shear viscosity above glass transition temperature Tg in the
three HEAs melts is illustrated in figure 8. As the temperature approaches Tg, the shear vis-
cosity rises dramatically and deviates from the Arrhenius function, which means the dynamic
deceleration of the supercooled liquid. The extent to which viscosity reveals non-Arrhenius
behavior is usually parameterized by fitting T and η to the Vogel–Fulcher–Tammann (VFT)
formula, [37, 38]

η = η0exp

(
D∗T0
T−T0

)
(9)

in which η0 is the viscosity at infinite liquidus temperature, T0 is the temperature at which
η becomes infinite, and D

∗
is an indicator of liquid fragility. The fitted T0 is 1408 K for

CrCoFeNiMn, 1419K for CrCoFeNiMnAl0.5, and 1432K for CrCoFeNiMnAl.D
∗
is an appro-

priate parameter to characterize liquid, because with the increase of D
∗
, VFT moves closer to
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Figure 9. The viscosity η as a function of W.

Arrhenius function by degrees, which is consistent with stronger (less fragile) liquids. In this
research, the fitted values of D

∗
are 0.78 for CrCoFeNiMn, 0.64 for CrCoFeNiMnAl0.5, and

0.39 for CrCoFeNiMnAl, respectively. This suggests that the melt of HEAs becomes more
brittle with the decrease in Al content. As previously reported, the more fragile the liquid, the
weaker the GFA [38, 41]. This implies that the GFA of HEAs weakens with the addition of
Al. Finally, in line with Tg, the T0 of HEAs increases with the rise in Al content.

Combined with the diagram of the five-fold symmetry parameter, it can be found that the
changing trend of W and η with temperature is consistently above Tg. Thus, it is speculated
that the change in viscosity may be related to the underlying elementary structural evolution
[37, 38, 42]. Besides that, we also find that the values of T1 (1408, 1417, and 1434 K) for
three HEAs are extremely close to T0 (1409, 1419, and 1432 K). Therefore, by replacing T0

in the VFT formula with T1, the temperature variations can be removed, so that the direct
relationship between W and η is obtained,

η = η0exp

(
B

(1−W)
δ

)
(10)

in which δ is a parameter reflecting the sensitivity of viscosity changes to local struc-
tural changes. As illustrated in figure 9, the simulated data can be satisfactorily fitted
by equation (10), and the statistical correlation parameters R2 of the three HEAs are all
greater than 0.93. As a result, the fitted values for δ are 6.70 for CrCoFeNiMn, 10.95 for
CrCoFeNiMnAl0.5, and 16.39 for CrCoFeNiMnAl, whereas the fitted B is found to be similar
in the different HEAs, about 10−4. The δ of the three HEAs is greater than 10, far more than 1,
implying that small changes in structure will result in significant changes in viscosity. Since the
higher the δ value, the greater the change of viscosity with W, the change in CrCoFeNiMnAl
melt is more remarkable compared with other HEAs melts. In conclusion, structural evolution
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is the basic driving factor of dynamic deceleration, and the ‘hidden’ structural changes lead-
ing to the extreme dynamic changes of the supercooled liquid can be clearly described by the
structural parameter W.

4. Conclusions

AIMD simulations are implemented to investigate CrCoFeNiMnAlx (x= 0, 0.5, and 1) HEAs
under a rapid solidification process. The trajectory of the system generated by the AIMD sim-
ulations is analyzed by a RDF, Voronoi tessellation, MSD, and shear auto-correlation function.
These analytical methods reveal gradually the structural evolution and dynamical properties
of CrCoFeNiMnAlx alloy under a constant cooling rate, 1.25 × 102 K ps−1.

From the perspective of structural evolution, there are two conclusions. First, three HEAs
all form metallic glass after rapid cooling, mainly composed of ICOS-like clusters and FCC-
like clusters. The ratio of ICOS-like clusters to FCC-like clusters is affected greatly by Al
content. At 300 K, the ratio is 4.52 for CrCoNiFeMn, 3.74 for CrCoNiFeMnAl0.5, and 1.64
for CrCoNiFeMnAl, respectively. Second, the ideal glass transition temperatures (Tg) are
predicted to be 1658 K for CrCoFeNiMn, 1667 K for CrCoFeNiMnAl0.5, and 1687 K for
CrCoFeNiMnAl, respectively. The Tg increasing with the Al content increasing.

From the perspective of dynamical properties, there are two conclusions. Firstly, the motion
state of three HEAs melts changes from uniform at 2100 K to heterogeneity at 1800 K.
Secondly, a relationship between structure and dynamics is established by using the five-fold
local symmetry parameters and shear viscosity, which proves that the structural evolution is
the fundamental reason of dynamic deceleration. The results provide a new perspective for
studying the structural mechanism of dynamic retardation in HEAs.
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