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ARTICLE INFO ABSTRACT

The microstructures determine the macro-mechanical properties in metals and alloys. However, the formation
mechanism of microstructures in high-entropy alloys (HEAs) rapidly cooled to room temperature still remains
unknown at nanoscale. Here, we present the AlCoCrCuFeNi HEAs prepared by various cooling rates and the
deformation behaviour using molecular dynamic simulation. The results show that the radial distribution
function of HEAs is in good agreement with the previous experimental result. The amorphous HEA is formed at
high cooling rates, while the nanocrystalline HEA is generated at low cooling rates. The hybrid amorphous-
crystallization structured HEA occurs at middle cooling rates. For low cooling rates, the considerable amount of
face-centered-cubic and hexagonal-close-packed short-range orders clearly show the crystal-nucleation process
in the supercooled liquid of HEAs. The high residual hydrostatic stress around grain boundaries is observed in
the nanocrystaline HEAs. Moreover, the nanocrystal HEA presents a high strength, compared to the amorphous
HEA. The amorphous HEA exhibits the stable flow stress due to no obvious local stress concentration. This result
could help guide the preparation of HEAs with a high strength by controlling the cooling rate, which generates
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the structural hierarchy.

1. Introduction

Multi-component high entropy alloys (HEAs) with at least five equal
or near-equal atomic-ratio principle elements have drawn great atten-
tion during the past decades [1-5], due to high hardness, great wear
and oxidation resistance, corrosion, fatigue and fracture resistance, and
high thermostability [6-12]. These properties give HEAs the potential
to be applied in applications such as mechanical parts in factories
producing corrosive products, molds, function films and even naval
applications [13-17].

Recently, the AlCoCrCuFeNi HEAs have been well investigated
owing to their great mechanical properties, such as a favorable ther-
mostability [18], and considerable hardness up to 420Hv [19]. Based
on the previous work, the phase decomposition [20,21], element effect
[18,22,23] and phase transformation [24] in AlICoCrCuFeNi HEAs have
been studied. As well known, the solidification of pure metal plays a
key role in affecting mechanical properties [25-28]. The solidification
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of metallic materials involves the thermal processes, in which the grain
growth is a key phenomenon to determine the size and morphology of
the microstructure. Therefore, it is essential to control the grain-growth
process to obtain designed products [29-33].

The influence of cooling rate on phase formation in HEAs has been
reported [34-38]. For example, the presence of precipitates relies on
the low cooling rate approaching 1K/s, but Cu-rich precipitates do not
form in the as cast material [34,35]. The relationship between the
critical cooling rates and the parameters (atomic size difference, mixing
enthalpy, mixing entropy, and electronegativity) is simply established,
to predict phases (amorphous phase, solid solution phase, or inter-
metallic phase) and design high-entropy bulk metallic glasses (HE-
BMGs) [36,37]. Regardless of cooling rate, the dominant phase changes
from a face-centered cubic (FCC) to body-centered cubic (BCC) struc-
tures with the variation of the mixing entropy in the Al,CoCrCuFeNi
HEAs [38]. However, it is not straightforward to observe the experi-
mentally homogeneous nucleation of metals and alloys cooled from
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high temperatures. Each stage of the solidification process can be re-
vealed by various computational approaches, including Monte Carlo
simulation, cellular automaton simulation, and phase-field simulation
[25-28]. Since these methods are based on phenomenological models,
it is generally impossible to study nucleation inherently in accordance
with various rules to obtain a reasonable microstructure. To solve these
critical issues, molecular dynamics (MD) simulations have been widely
employed to reveal the nature of nucleation at the atomistic scale
[29-33]. For example, the formation of solidification defects and ten-
sile-deformation-driven evolution in the solidified polycrystalline alu-
minum at different quench rates are investigated by MD simulations in
detail [29]. The homogeneous nucleation from an undercooled iron
melt occurs using a billion-atom MD simulation, revealing that some
satellite-like small grains surrounding previously formed large grains
exist in the middle of the nucleation process [31-33]. Hence, based on
the results above mentioned, the relationship between the structure and
solidification at a nanoscale still remains unknown in AlxCoCrCuFeNi
HEAs cooled at different cooling rates.

Motivated by above-mentioned challenges, using MD simulations,
we explore the solidification process of HEAs at different cooling rates.
Our focus is on the microstructure-formation mechanism at the atomic
scale under the tension loading. In this way, the physical interpretations
of the nanocrystalline and amorphous HEA are also expected. This
paper is organized as follows: A detailed description of the MD simu-
lation details is given in Section 2. Moreover, the simulation parameters
of tension tests are presented by MD simulations. In Section 3, the re-
sults of the solidification and deformation in the HEA are modeled with
the MD simulation. The radial distribution function (RDF), grain size,
grain number, and mechanical properties in HEAs are presented in
Section 3. Based on the current results obtained with MD simulations,
the relationship between the cooling rate and mechanical property is
studied in these HEAs. Some discussions on the deformation behaviour
and cooling rate is studied in Section 4. Finally, the mainly results are
summarized and concluded in Section 5.

2. MD simulation details

The AlCoCrCuFeNi HEA is built in Fig. 1, where atoms are colored
according to their atom types. This size of the free-standing HEA film
sample containing 3.6 million atoms is 107.9 x 3.6 x 107.9 nm®. The
AlCoCrCuFeNi HEA is obtained, based on the heating process, as fol-
lows: (a) atoms of the AlCoCrCuFeNi HEA are randomly positioned at
the FCC crystal structure sites with the temperature of 300 K; (b) in the
heating stage, all atoms are heated to 3300 K at the heating rate of
1 x 10'*K/s and their velocities are relaxed until an equilibrium con-
dition is obtained at the temperature of 3300 K; (c) in the quenching
stage, quick cooling is simulated by reducing the environmental

Fig. 1. The atomic model of the AICoCrCuFeNi HEA.
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temperature to 300 K with quenching at different cooling rates, and
relaxing to a position of equilibrium at the temperature of 300K [39].
The AlCoCrCuFeNi HEA is applied with the constant strain rate of
1 x 10°s~! along the x direction under the isothermal-isobaric (NPT)
ensemble with a zero-pressure condition [39,40]. Periodic boundary
conditions are maintained along all directions in the MD model
[41-43]. Here, the preparation and tension of HEA sample are created
by a large-scale atomic/molecular massively parallel simulator
(LAMMPS) package software [44], and the OVITO software is employed
to for the analysis of defects [45]. The common neighbour analysis
(CNA) is used to determine the defects during the cooling and de-
formation processes. Here, based on CNA, the FCC atoms, BCC atoms,
HCP atoms, and non-structured atoms (such as, amorphous structures
or grain boundaries or dislocation cores) are green, blue, pink, and
white, respectively. Hence, the BCC structured nanocrystalline HEA is
defined as the grain size less than 100 nm, the amorphous HEA is de-
fined as the disordered structure, and the hybrid structured HEA in-
cludes amorphous phase and nanocrystal phase.

For the atom interactions in the AlCoCrCuFeNi HEA, we have used
the embedded atom method (EAM) potential, which is a multi-body
potential energy function in the following form [46,47].

E=F Z pi(Riy) + % Z B p(Riy)
Jj#i J# (€9)
where the total energy, E, on atom, i, is the sum of the embedding
energy F, and the short-range pair potential energy ¢. p is the electron
density. a and 8 are the elemental types of atoms i and j, respectively.
This EAM is developed based on the previous work [46-48], which is
used to study the tensile properties, and thin film growth and annealing
[49-52].
The average viral stress can be obtained, as followed [43].

N
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Qi Zi#j
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@

where S presents the average viral stress with six components, 2 means
the volume of the cut-off domain, m; is the mass, v; is the velocity of the
atom i, ® is the tensor product of two vectors, and N is the total number
atoms in the domain.

3. Results and discussion

Fig. 2 shows the evolution of the temperature, structure and volume
during the process of melting and solidification. As the temperature
increases, the amorphous phase nucleates from the FCC HEA matrix.
When the temperature continues to rise to 3300K higher than the
melting point, the solid phase changes into the liquid phase (see the
microstructure in Fig. 2b). The liquid phase at high temperatures is
cooled to room temperature at the cooling rate of 1 x 10'*K/s, and
then the amorphous HEA is prepared. The volume in the HEA matrix
experiences a rapid increase, and then a steady linear increase during
the melting stage (Fig. 2c). However, the volume decreases mono-
tonously linearly during the solidification, owing to the formation of
the amorphous structure. This result about the amorphous HEA is
proved in Fig. 2b.

The cooling rate plays a key role in affecting the microstructure
phase during solidification. Based on the previous work, the cooling
rate is divided into the conventional die casting (10'-10°K/s), melt
spinning (10°-10°K/s) [53], liquid splat-quenching (10°-10'°K/s)
[54], and pulsed laser quenching (10'%-10'3K/s) [55,56]. Here, the
fast cooling rate in the range from 1 X 102 K/sto 1 x 10**K/s [55,56]
is considered, due to the limit of the computation ability [56-59]. At
the temperature of 800 K, many small grains appear and grow larger
with the decreasing temperature (see Fig. 3). Furthermore, the new
nucleation also occurs in the remaining part of the undercooled melt for
various cooling rates. When the temperature is 300K, the only BCC
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Fig. 2. Temperature vs. time at three stages: heating to
3300Kat the heating rate of 1 x 10'*K/s, keeping the
temperature of 3300 K, and cooling to 300 K at the cooling
rate of 1 x 10" K/s in the AlCoCrCuFeNi HEA (a). The
corresponding atomic structure as shown in (b), where
atoms are colored according to CNA. In addition, “I” stands
for initial FCC structure, “II” stands for the structure at high
temperature of 2300 K, “III” stands for the liquid or melted
state, and “VI” stands for amorphous structure. Volume vs.

time at three stages in (c).
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phase occurs for the cooling rate lower than 5 x 10'2K/s, the stable
BCC phase and amorphous phase can coexist at cooling rates from
1 x 10'®K/s to 2.5 x 10*3K/s, and the only amorphous phase takes
place at cooling rates higher than 5 x 10'3K/s. Some annealing twins
(see Fig. 4) generate at cooling rates lower than 1 x 10'*K/s, com-
plying with the experimental results [60-62].

Fig. 5 presents the distribution of the residual hydrostatic stress,
which is equal to (o + 0, + 0;)/3. The red atoms mean the high tensile
stress, and the blue atoms stand for the high compressive stress. It is
noticed that the HEA samples cooled shows the high residual hydro-
static stress around the grain boundaries (Fig. 5a—c). Compared to the
BCC HEA and the hybrid-structured HEA, the amorphous HEA presents
a more complex distribution of stresses (Fig. 5d-f), which would affect
its mechanical property and deformation mechanism. The current re-
sults agree with the previous work, which indicates the high levels of
residual stresses generated when the metals and alloys are cooling
down from the fabrication temperature to room temperature [63,64].
Here, the role of the cooling rate on the levels of residual stresses at
room temperature can be revealed in HEAs (Fig. 5).

1x10°K/s

Cooling rate 1x102K/s 2x10°K/s  5x10”K/s

800 K

300

Temperature

100

2.5%10°K/s

110 120

The total number of grains and the radial distribution function
(RDF) at different cooling rates are shown in Fig. 6a and b, respectively.
RDF can be used to analyze the structural changes [65]. Here, the
number of grains is counted when the grain size is larger than 0.5 nm.
In Fig. 6a, the grain size declines continuously with increasing the
cooling rate. The grain number firstly increases, and then decreases
with increasing the cooling rate. The turning point of this change occurs
at the cooling rate of 5 x 10'2K/s, in good agreement with the RDF
curve (Fig. 6b). When the cooling rate is larger than 5 x 10'2K/s, the
RDF curve has a significant change in the peak, indicating that the
nucleation of an amorphous structure occurs. Fig. 6¢ displays the stress-
strain curve in HEAs prepared by different cooling rates, and the cor-
responding RDF of the HEA sample is exhibited in Fig. 6d. For the
nanocrystalline HEA, the yielding strength is higher than the hybrid-
structured and amorphous HEAs. However, the amorphous HEA pre-
sents the non-obvious softening effect, compared to the hybrid-struc-
tured HEA and amorphous HEAs.

The formation of microstructures, including the grain boundary,
twinning boundary, and dislocation, is presented in Fig. 7. The

Fig. 3. The microstructural evolution of the
cooled HEA at different temperatures and
cooling rates: 1 x 10'2K/s (a), 2 x 102K/
s (b), 5 x 102K/s (c), 1 x 10'®K/s (d),
2.5 x 10"®K/s (e), and 5 x 10°K/s (f).
The red circles represent the annealing
twins at the temperature of 300K. The
atoms are colored according to CNA. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article.)

5x10"K/s
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Fig. 4. The annealing twins at the temperature of 300 K and cooling rate of 2 x 10'2K/s. TB represents the annealing twin boundary.

deformation twinning occurs at cooling rates of 1 x 10'2K/s and
2 x 10'?K/s. The formation of twinning is a key plastic-deformation
mechanism in BCC metals and alloys [7,10,40,67]. Hence, the BCC
nanocrystalline HEAs subjected to the tensile loading produce the de-
formation twinning, to coordinate the plastic deformation. Recent ex-
periments suggest that the deformation twinning not only control de-
formation, but also affect the mechanical properties in HEAs [66,67].
The abnormal grain growth is also observed in the nanocrystalline HEA,
which is in good agreement with the previous experimental results
related to the grain growth in Ni-based alloys during the deformation
process [68]. These special phenomena have important effects on me-
chanical properties, which has been proved in previous experiments
[66-68]. The nucleation of small grains takes place in the hybrid-
structured HEA. However, the microstructure basically has not changed
in the amorphous HEA, due to the no obvious stress concentration.
To reveal the relationship between the stress distribution and me-
chanical properties, Fig. 8 exhibits the stress distribution of the HEA by
atomic simulations. The red atom means the high tensile stress, and the
blue atom represents the high compressive stress. As a result, the high
stress concentration is produced at the grain boundary due to the elastic
mismatch or inhomogeneous flow in each grain, especially in the na-
nocrystalline HEA [69]. For the hybrid-structured HEA and the amor-
phous HEA, there are no obvious local stress concentration. The more
point-concentrated stresses are distributed in the HEA with the amor-
phous region, which leads to the stable flow stress (Fig. 6¢).
According to the previous report [70,71], the predominant plastic
deformation mechanisms of amorphous metals and their composites are
the formation of shear bands (SBs), which occur by means of the re-
lative sliding of two or several parts of the material. To reveal the effect
of the cooling rate on the morphology of the SBs, Fig. 9 demonstrates

the shear strain configurations of HEAs at the strain of 10%. As a result,
the morphology of the SBs can be effectively controlled by tuning the
cooling rate, due to the difference of micostructure (Fig. 7). For the
amorphous HEAs, some parallel mature SBs are generated by the sto-
chastic nucleation, coalescence and growth of shear transformation
zones in Fig. 9(e-g) [72]. Due to the existence of elemental hetero-
geneous distribution in the disordered structure, the SBs hardly pene-
trate the whole sample when the formation of embryonic SBs, which is
different from the conventional behavior of metal glass [70-72].
However, for the nanocrystalline HEA, the plastic deformation is
mainly concentrated in the two main SBs (Fig. 9a-c). As shown in
Fig. 9d, a high density of local networks of tiny SBs and dislocations are
observed in the hybrid structured HEA. Hence, the deformation modes
could transit from pronounced individual shear banding to homo-
geneous-like co-deformation, which can be achieved by introducing the
crystalline HEA. As a result, the yielding strength and reduced stress
continuously declines with the decreasing cooling rate, regardless of the
microstructural evolutions (Fig. 10). The softening parameter, 6, is
(0y — o.)/0y, where o, is yielding strength, and o is the minimum stress
after yielding and before fracture. Moreover, the amorphous phase can
reduce the effect of softening by the shear banding deformation, and
the existence of amorphous phase could improve the structural stability
(softening parameter in Fig. 10).

4. Conclusions

The microstructures and mechanical properties of the rapidly-
quenched HEA at various cooling rates are studied by MD simulations.
The calculated RDF in a solid state agrees well with the experimental
data. The high cooling rates produce the glass formation, while low

+10GPa

—~10GPa

Fig. 5. The residual hydrostatic stress distribution of the microstructure at room temperature and the cooling rates: 1 x 10'?K/s (a), 2 X 10'?K/s (b), 5 X 10'?K/s

(0), 1 X 10" K/s (d), 2.5 x 10" K/s (e), 5 x 10'3K/s (f), and 1 x 10" K/s (g).

362



J. Li, et al.

(2) 2af
2l 460
Eoof '\
=] ol
< 18r -\ . 50
N 16 + .
(7]
c 14 r 140
5121 / \
g1or " . 430
® 8l \
2 6l {20
< Al "
2k L] 410
5 0 5 10 15 20 25 30

Cooling rate (x10" K/s)

Grain number

4.0
(c)
35}
30|
©25}
o
20} —=—1x10%K/s
% —e— 2 x10"Ks
£15 —a5x107Kis
D5 v 1 x10% K/s
—4—25x10"K/s
0.5 —<—5x10"K/s
—>—1x10"Kls
00 1 L 1 1 1 L 1
0 1 2 3 4 5 6 7 8 9 10
Strain (%)

Materials Science & Engineering A 760 (2019) 359-365

O
- —=—1x10%K/s
e, —e—2x10"K/s
2 4L | 4 5x10”Kss
2 —v—1 x10"K/s
§ 5L |+ 25x10°Ks
= —<—5x10"K/s
= —>—1x10"K/s
B 2r
©
8
T 1t
©
14
0 il 1T 1 L
0.0 0.1 02 03 0.4 0.5
Interatomic distance (nm)
d),
N —=— 1 x10"” K/s
S —e—2x10"KJs
2 4F | 4-5x10"Kis
2 —v—1 x10"K/s
§ 5L | ¢ 25x10°Ks
] ——5x10"KIs
= —»1x10"Kis
® 2
©
8
T 1r
©
14
0 il 1 1 Il
0.0 0.1 0.2 0.3 0.4 0.5

Interatomic distance (nm)

Fig. 6. The relationship between the grain size (grain number) and cooling rate (a). RDF vs. cooling rate after the cooling process (b). The relationship of the stress
and strain at the different cooling rates (c). RDF vs. cooling rate after the tension (d).

Fig. 7. The microstructure evolution at the strain of 10% and the cooling rates: 1 X 10'2K/s (a), 2 X 10"2K/s (b), 5 x 10'2K/s (c), 1 x 10'3K/s (d), 2.5 x 10'°K/s
(e), 5 x 10'3K/s (f), and 1 x 10**K/s (g). According to CNA, the atoms are colored.

cooling rates result in crystallization. The beginning stage of solidifi-
cation desponds on the cooling rate, which controls the size and loca-
tion of nucleation. Furthermore, the nucleation process from the su-
percooled HEA is presented in a wide range of cooling rates from
1 x 10"K/s to 1 x 10'*K/s, and the grain size and number are esti-
mated for different cooling rates. The low cooling rate leads to a high
strength, but brings about serious softening in HEAs. The high cooling
rate causes the low strength, but yields the stable stress flow.

Data availability
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