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ABSTRACT

High-entropy alloys (HEAs) with a heterogeneous grain structure have been revealed to
possess excellent combination of strength and toughness. However, the atomic-level
deformation mechanisms of the heterogeneous HEAs were not reported yet. In this
work, physical models were constructed based on the experimental observation and
atomic simulations are performed to investigate the tensile behavior of face centered cubic
(FCC) heterogeneous CoNiFeAl,Cu, , HEAs at different strain rates (5 x 10’1 x 10'°s™%), Al
concentration (x = 0.1, 0.2, 0.3 and 0.4) and degrees of grain heterogeneity. Result analysis
reveals the multiple deformation mechanisms including dislocation motion, diffusion
from grain interior to grain boundary and stacking faults (SFs) as well as their interaction.
The strain rates seriously influence the body centered cubic (BCC) transformation from FCC
in the large grains. Besides, with the reduction of Al concentration, the value of stable
stacking fault energy (SFE) raises, while the tensile yield stress increases. Finally,
increasing the large grain size (Dg) of the heterogeneous grain structure improved the
plasticity due to the combination of enhanced FCC to BCC phase transformation and high
uniform ductility of large grains. This work provides a micromechanical understanding for
designing the excellent mechanical property of HEAs by optimizing material structure
parameters of heterogeneous grain structure HEAs.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Different from traditional alloys, high-entropy alloys (HEAs),
also known as multi-component alloys proposed in 2004 by Ye
et al. [1] and Cantor et al. [2], respectively, are composed of
more than five major elements [3—11]. HEAs exhibit excellent
mechanical potentials, such as outstanding thermal stability
[12], great fatigue resistance properties [13,14], ultra-high
strength and hardness as well as fracture toughness at both
room temperature [15,16] and ultralow temperature [17].
These excellent properties revealed the great potential of
HEAs as powerful functional materials.

To solve the problem that both high strength and good
ductility cannot be achieved simultaneously in nanocrystal-
line materials, many researchers have tried to construct het-
erogeneous structures to solve this contradiction. Wang et al.
[18] synthesized heterogeneous grain structure Cu. They
found that the tensile ductility could reach 60% due to the
large grains preferentially adapting to deformation. An
increasing number of researchers have synthesized HEAs
with heterogeneous structure recently. For instance, Wu et al.
[16] designed the HEA with a heterogeneous grain structure,
which possesses a uniform elongation of 30%, yield strength
of 711 MPa and a tensile strength of 928 MPa. Schuh et al. [19]
explored the feasibility of CoCrFeMnNi and its high-
performance subvariant CrCoNi in designing bimodal micro-
structures to obtain excellent mechanical properties. In
contrast, CrCoNi alloy was easier to form a bimodal micro-
structure. After annealing at 500 °C for 100 h, a combination of
high tensile strength of 1500 MPa and 10% elongation at break
was obtained. John et al. [20] found that the AlCoCrFeNi,,
eutectic high-entropy alloy (EHEA) showed a high fracture
strength of 2225 MPa, mainly related to heterogeneous struc-
ture and various strengthening mechanisms. Although the
deformation mechanism of pure metal, binary alloys with
heterogeneous grain size distribution has been studied
extensively in some previous experiments, the atomic-level
deformation mechanisms and mechanical behavior of HEAs
with the heterogeneous structure were never reported.

Molecular dynamics (MD) simulation of HEAs is still chal-
lenging because most of the interaction potentials between ele-
ments cannot be obtained accurately up to now. Nevertheless, in
the past few years, there are still several reports on MD simulation
of HEAs after a few suitable potentials were discovered [21—26].
Lin et al. [26] reported the MD simulation of radiation tolerance of
Ni—Co—Cr—Fe HEA, which provides a significant reference for the
engineering design of nickel-based HEA for radiation tolerance
applications. Li et al. [22] provided a reliable explanation for the
transformation-induced plasticity (TRIP) and phase trans-
formation mechanisms of nanocrystalline FeMnCoCr HEAs by
MD simulation. Moreover, Chen et al. [27] found the cross value of
the Hall-Petch and inverse Hall-Petch relations of FCC
CoNiFeAly 3Cug 7 and BCC CoNiFeAl, ;Cuo 3 HEAs by MD. Afkham
etal. [23] studied the mechanical properties of AICrCoFeCuNi HEA
atdifferent temperatures. They found that a high free volume was
obtained in the sample rich in aluminum atoms.

In this work, the FCC heterogeneous grain structured
CoNiFeAl,Cu4.x HEAs were constructed in MD simulations. Uni-
axial tensile simulations were performed to investigate the tensile

behavior. The methods of model construction and calculation are
introduced in Section 2. The effects of different strain rates, Al
concentration and large grain size on tensile mechanical proper-
ties of the alloys were sequentially explored in Section 3. Finally,
the conclusions are summarized in Section 4.

2. MD simulation details

CoNiFeAl,Cu;.x HEA with a heterogeneous grain size distribu-
tion was generated by the open-source code LAMMPS [28]. The
visualization software OVITO was used to analyze the final
simulation results [29]. Fu et al. [30] fabricated nanocrystalline
and ultrafine grained FCC CoNiFeAl;3Cug; HEA (cf. Fig. 1a).
Based on this experimental observation, the physical models
were built according to the following processes. The Voronoi
tessellation method was applied to generate the polycrystal of
Co. Before the large single crystal was inserted into the model,
the simulation cells were composed of 70 small grains with
mean grain size of 9 nm as the small grain region. Then, we
deleted the atoms in the sphere with a certain diameter from the
center of the box and then filled the deleted sphere with a single
crystal. Here, we simplified the physical model shown in the
experimental observation, for the large grains, spherical grains
were used to represent them. Finally, Ni, Fe, Al and Cu atoms
were randomly replaced with Co to construct the HEA structures
(cf. Fig. 1b). Fig. 1c is the common neighbor analysis. Mean
cohesive energy per atom as a function of lattice constant for
CoNiFeAl, sCug 7 is presented in Fig. 1d. The calculated equilib-
rium lattice constant is about 3.6 A, which is quite consistent
with the experimental value of 3.598 A [30]. Besides, the diameter
of the sphere in the center D; was regarded as large grain region
and a significant factor affecting the mechanical properties.
Therefore, simulation cells with various D¢ (Dg = 0, 12, 14, 16, 18,
20, 22, 24 and 26 nm) were built in this work. The dimensions of
the model were 30 x 30 x 30 nm> with the initial FCC lattice
constant 3.598 A (about 2,300,000 atoms in total).

The embedded-atom method (EAM) potential developed by
Zhou et al. [31,32] was adopted to describe the interaction
between Co—Ni—Fe—Al—Cu system. The following function
can express the total energy of CoNiFeAl,Cu,.x HEA [33]:

i) i#)

Et = %Z(ﬂm (rij) + F, (Zpa (TU)) (1)

where 15 is the distance of neighboring atoms, is the pair po-
tential, o and B are neighboring atoms, p, is the value of the
electron charge density generated by the atom j of type o at the
position of atom i. F, is an embedding function, which repre-
sents the energy required to embed the atom i of type « in the
electron cloud. This potential has previously been applied to MD
simulations of some HEAs systems. Li et al. [22] found that the
error of the yield strength between simulation and the experi-
mental values deformed at a strain rate of 5 x 10° s~ is only 4%.

In this work, periodic boundary conditions were enforced
along x, y and z direction. The simulations were energy-
minimized by performing the conjugate gradient (CG) algo-
rithm and the final energy convergence was 10~ *2, Before per-
forming the tensile loading, a hybrid Monte Carlo (MC)/
Molecular Dynamics (MD) relaxation was used to relax initial
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Fig. 1 — FCC heterogeneous grain structured CoNiFeAl, 3Cu,; HEA [30]; (a) The TEM image showing ultrafine grains and
nanocrystalline grains; (b) Atomic type and structure; (c) Common neighbor analysis and (d) The evolution of mean cohesive

energy per atom as a function of lattice constant.

system. The hybrid relaxation with 1000 times of swaps every 1
ps for a total 200 ps was performed in isothermal-isobaric NPT
ensemble at 300 K and zero external pressure. This relaxation
method is suitable for multi-principal component alloys for a
relatively stable initial structure can be found [34,35]. After the
systems were thermally balanced, uniaxial tensile simulations
with different strain rates (5 x 107, 1 x 10% 1 x 10° and
1 x 10'° s71) along direction y were performed. During the
tensile simulations, the temperature was set as 300K, and the
external stress tensor was set to be zero in the x and z direction.

3. Results

3.1.  Tensile deformation mechanism at different strain rates

The tensile stress—strain curves at four strain rates (5 x 107,
1x 108 1 x 10°and 1 x 10*° s~ %) are presented in Fig. 2a and the

yield stress is 1.628, 1.737, 1.979 and 2.827 GPa, respectively.
According to the curve corresponding to the strain rate of
1 x 10% s7%, the elastic stage is indicated by the black dotted
line. After e = 0.01, the curve deviates from the linear elastic
stage and shows sharp strain hardening in a very short strain
range. However, the strain—stress curves harden in a larger
strain range in experiments [36,37]. The difference between
experiment and MD simulation can be attributed to the stress
overshoot phenomenon caused by the high strain rate used in
the MD simulation [38].

The deformation processes are shown in Fig. 3. At the
initial stage of deformation (¢ = 4.5%), dislocations have
already propagated into large grains and annihilated at the
opposite grain boundary (GB) at the strain rate of 5 x 10’ s~*
(cf. Fig. 3a). It can be seen from Fig. 3a that the alloy has
already undergone about 3% plastic deformation after
yielding. By contrast, only a small part of dislocations has
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Fig. 2 — (a) Stress—strain curve of the heterogeneous grain structured CoNiFeAl, 3Cu, ; HEA under different strain rates; (b)

Enlarged curve of plastic deformation stage.
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Fig. 3 — Deformation process of heterogeneous grain structured GoNiFeAl, 3Cuo; HEA with Dg = 22 nm under 300 K and
different strain rates: (a)—(c) Strain rate is 5 x 107 s~%; (d)—(f) Strain rate is 1 x 10'° s~%; (g) Grain G2 under 1 x 10'°s~* and

¢ = 17.5%; (h) Displacement vectors of grain G2.

been injected into the grains (whether large or small grains) at
the strain rate of 1 x 10*°%s~* (cf. Fig. 3d). Because the alloy has
just undergone a transition from linear elastic stage to non-
linear elastic stage near the strain of 4% (cf. Fig. 2a), an
increasing number of grains begin to yield with dislocations
emitted from GBs and propagated into the large grain interior
(cf. Fig. 3d). Moreover, some disordered atoms have appeared
in grain G1 (cf. Fig. 3d), which indicates that atoms of grain
interior have become unstable. Therefore, according to the
Masing hardening [39], the strain hardening rate gradually
drops with the hardening decay of the yielded grains.

At the strain rate of 1 x 10'° s72, the intersected SFs are
formed by the dislocations passing through the pre-formed
SFs when ¢ = 13% (cf. Fig. 3e). In this case, the intersected
SFs become the dislocation barrier, which increases flow
stress at high strain rates (cf. Fig. 2b) [40]. As the deformation
continues (cf. Fig. 3e and f), the previously generated dislo-
cation and SFs provided a diffusion path for GB atoms to
diffuse into grain G1 [41]. When ¢ = 17.5% (cf. Fig. 3f), plenty of
atoms become disordered in grain G1 with the indistinguish-
able grain outline. Besides, the atomic displacement vector of
grain G2 shows a movement trend as indicated by the red
arrows (cf. Fig. 3g and h), and the shape of grain G2 has been
changed a lot. Based on these phenomena, it demonstrates
that grain rotation happens to grain G2. At the strain rate of

5 x 107 s~ %, the previous grains G1, G2, G3 and G4 (cf. Fig. 3a
and b) combine into two new grains G12 and G34 (cf. Fig. 3c)
via grain rotation. However, there is no conspicuous grains
combination at the strain rate of 1 x 10*° s7* (cf. Fig. 3d—f).
When the nanocrystalline materials are subjected to loads,
inconsistent deformation in heterogeneous grain structure
results in the increased net torque between adjacent grains.
Therefore, the dislocations are multiplied to form strain field,
and extra geometrically necessary dislocations (GNDs) accu-
mulate near the GB [42]. From the viewpoint of energy and
mechanics, dislocation activity is beneficial to grain rotation.
The back stress and grain rotation have similarities in multi-
plying dislocations to improve mechanical properties, espe-
cially plasticity. According to back stress theory, lots of
dislocations pile up near the boundary of soft large grains to
sustain more strain. If the interface between large and small
grains is regarded as critical region, the farther away from this
region, the forward stress and back stress will become weaker.
Stimulated by the forward stress and back stress, the extra
GNDs evolve in the form of grain rotation to accommodate
mechanical incompatibility. Besides, away from the critical
region, the weakening of the front and back stress lead to the
reduction of GNDs, resulting in the subsequent weakening of
grain rotation. However, the grain size is much smaller than
that in the experiments due to the three-dimensional size
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Fig. 4 — Schematic representation of FCC to BCC phase
transformation behavior in HEA with heterogeneous grain
structure.

limitation in MD. Therefore, to systematically study the
deformation behavior with obvious strain gradient, the two-
dimensional model may be more suitable, which is worth
further exploration in the future.

Itis worth noting that the FCC to BCC phase transformation
almost always starts from the GBs in the large grain when the
strain rate is 5 x 10’ s~%, while at the strain rate of 1 x 10°s71,
phase transformation appears both at GBs and grain interiors.
Besides, the degree of phase transformation in the large grain
is significantly increased at high strain rate. The FCC to BCC
phase transformation can be illustrated by Fig. 4, where grain
G3 and G4 (cf. Fig. 3) are the large and small grains, respec-
tively. The phase transformation at the junction of grain G3
and G4, as indicated by the short arrow (cf. Fig. 3b), corre-
sponds to the meeting of SF1 and SF2 near GB. At high strain
rate (1 x 10 s7%), the FCC to BCC phase transformation inside
the large grain (cf. Fig. 3e and f) corresponds to the intersec-
tion of SF2 and SF3 in Fig. 4. The above results can be ascribed
to three points: (I) The low SFE of the HEA results in a large
number of SFs. (II) It is easier to activate different slip di-
rections under ultra-high strain rates. (III) Many dislocations
can be accommodated in the big grain, and the propagation of
phase transformation is caused by the interaction of disloca-
tions with previously generated small BCC phase. Different to

the numerous FCC to BCC phase transformation in large grain,
the SFs are almost parallel to each other independent of
different strain rates (5 x 10’ and 1 x 10'° s7%) in most small
grains due to the suppressed cross-slip by the large separation
between partial dislocations in HEAs with low SFE [11,43].
The total dislocation density under four strain rates can be
calculated according to the following equation [44]:

L
p= v 2
where L is the length of dislocation and V is the volume of
materials after deformation. The relevant result is plotted in
Fig. 5. When ¢ = 5%—10%, the extremely rapid variation of total
dislocation density (cf. Fig. 5a) and the percentage of BCC
atomic groups (cf. Fig. 5b) under the strain rate of 1 x 10°s~?
indirectly indicates that the intersected SFs occur earlier
under ultra-high strain rate.
3.2.  The influence of Al concentration
In this section, four simulation cells of CoNiFeAl,Cu,.x (x =0.1,
0.2, 0.3 and 0.4, named M1, M2, M3 and M4, respectively) HEAs
with the heterogeneous grain structure (Dg = 22 nm) are
constructed and the uniaxial tensile simulation are performed
alongy axis. The phase stability can be effectively predicted by
the mixing enthalpy [45—48]. When VEC > 8, —22 < AH, <7
and 3 < 6.6%, the FCC solid solution phase can be regarded as
stable, where AHp,;; is mixing enthalpy, VEC is the valence
electron concentration and 3 is the misfit strain. They can be
computed as [49]:

n
AHmiX = Z 4AH3"iXCiCj (3)
i=1j#i

where AH{J.”“‘ is the enthalpy of mixing for a liquid binary alloy
ij, ¢; is the atom concentration.

VEC=Y"" c(VEC), 4

where (VEQ); is the valence electron concentration of it alloy
element [48].

5—\/2?1‘* (1-%)2 (5)
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Fig. 5 — Dislocation density and BCC atomic fraction of heterogeneous grain structured CoNiFeAl, 3Cu, ; HEA under different
strain rates: (a) Total dislocation density versus strain; (b) Atomic fraction of BCC structure versus strain.
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Table 1 — Atomic radius and VEC of each alloy element

[48] and AHg‘i" (kJ mol~?) in binary equiatomic alloys [S0].

Elements Atomic VEC Co Ni Fe Al Cu
radius(A)

Co 1.251 9 \ 0 -1 -19 12

Ni 1.246 10 0 \ -2 -22 4

Fe 1.241 8 -1 -2 \ -11 13

Al 1.432 3 -19 -22 -11 \ -1

Cu 1.278 11 12 4 13 -1 \

Table 2 — The values of mixing enthalpy (AH,,;x (kJ/mol)),

valence electron concentration (VEC) and misfit strain ()
calculated by Egs. (3)—(5).

Alloys Identification = AH,;;y  VEC 3 (%)
(kJ mol ™)
Co45NiysFessAlg 0o5CUg 205 M1 4.45 9.3 247
Co25NiysFessAlg osCUg o M2 2.41 9.1 3.29
Co4sNiysFessAlg o75CUp 175 M3 0.37 89 394
CosNipsFeysAly 1Cug.1s M4 —1.66 8.7 4.51

where 1; is the atomic radius of the individual alloy compo-
nent. The values of AHi'jnix of various atom pairs for Co, Ni, Fe,
Al and Cu are provided with the VEC and the atomic radii in
Table 1 and the theoretical calculations of AH,ix, VEC and d are
showed in Table 2.

The results of above calculations indicate that M1-M4
systems all have stable FCC structure. After relaxation, the
FCC structure of M1-M4 remains stable. The average cohesive
energy reduces from —4.049298 to —4.077305eV, indicating
that the lower Al concentration, the more stable FCC HEA.
Chen et al. [27] found that only FCC peak pattern was observed
in CoNiFeAl,Cu;« (x = 0.25 and 0.5), while both FCC and BCC
structures were observed in CoNiFeAlj ;5Cug 25 alloy. Yeh et al.
[1] also found that CoCrNiFeAl,Cu;.x (x from O to 0.5) pre-
sented only FCC peak pattern, while the BCC structure was
observed when x is greater than 0.8. Above experiments
demonstrated that the decrease of Al concentrations could
improve the stability of FCC structure in HEA, which provided
powerful data support for our simulations.

The uniaxial tensile stress—strain curves of M1-M4 are
presented in Fig. 6. It can be found that the yield stress of

CoNiFeAl,Cu, x with heterogeneous structure has an approx-
imately linear relation with Al concentration (cf. Fig. 6b). The
yield stress of multi-principal alloys is decreased if the atom
ratio is changed, because the lattice distortion energy is
increased by raising the concentration of solid atoms. As a
result, the SFE of HEA will decrease, thereby further reducing
twin nucleation stress and the yield stress [51]. To measure
the lattice distortion, the Von Mises stress of M1-M4 are
calculated by the following formulation [52]:

1
OMises = \/§ [(o— gyy)Z + (O —022) + (ayy — 022)2] +3 (agy +02, +a§z>

(6)

where oy, Gyy, 02z, Oxy, Oxz and oy, are the components of
atomic stress. The Von Mises stress of atoms calculated
using LAMMPS and outputted by OVITO software, are shown
in Fig. 7a—h for simulation cells M1 and M4. The stress of the
atoms in M4 (Fig. 7e—h) is generally greater than that in M1
(Fig. 7a—d) under any strain, especially when € = 20%. In this
case, the regions of high atomic stress (black circles) of M4
(cf. Fig. 7h) is significantly larger than that of M1 (cf. Fig. 7d).
The number of atomic stress under different deformation
stages are shown in Fig. 7i, and the sequence number of the
curves correspond to Fig. 7(a—h). It can be seen that the
curves of M4 under different strain (¢ = 3%, 6%, 12.5% and
20%) are all above that of M1. Besides, the amount of scatter
points corresponding to the low atomic stress of M1
(5—9 GPa) are obviously denser than those of M4, indicating
that the degree of lattice distortion of CoNiFeAl,Cu;.x HEAs
can be increased by raising the Al concentration. Generally
speaking, solid solute atoms hinder the movement of dis-
locations so that solid solution hardening occurs in the
dilute solid solutions [53,54]. However, the extra distortion
energy generated by the high concentration of solid solu-
tions atoms eventually lead to the reduction of twin nucle-
ation stress in HEA systems [51]. As in some recent
experiments [54,55], it was also found that the increase of
large atomic radius element content can induce the fluctu-
ation or decline of mechanical properties of HEA. The
number of atoms with high atomic stress (>25 GPa) at the
yield stress point are presented in Fig. 7j. The curve is not
linear, because the relative positions of various atoms
change extremely fast under ultra-high strain rates, and the

(a) 35
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3.0
254
=
-9
9 2.04
£ 154 CoNiFeAl,;Cuy,
w
— CoNiFeAl,Cuyg
1.0 —— CoNiFeAl,;Cu,,
0.5 CoNiFeAl, ,Cu
0.0 T T T T
0.00 0.05 0.10 0.15 0.20

Strain

CoNiFeALCu,

3.05

Yield stress(GPa)

7618
L]

T T T T T T T
010 015 020 025 030 035 040
x(mole-fraction)

Fig. 6 — Stress—strain curves (a) and yield stress; (b) of heterogeneous grain structured CoNiFeAl,Cu, ., (x = 0.1, 0.2, 0.3 and 0.4).
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degree of lattice distortion continuously rises, especially in
the system with high Al concentration (M3 and M4) [56].

Some experiments found that the reduction of stacking
fault energy (SFE) can intensify the degree of phase trans-
formation [48—-50]. In order to explore the relationship be-
tween SFE and TRIP effect, in this work, six single crystal
models of M1-M4, pure Ni and Cu (12 x 12 x 20 nm®) were
constructed. The x, y, and z axes of the simulation box were
aligned with the [11-2], [-110] and [111] crystal directions,
respectively. Periodic boundary conditions were enforced
along x and y directions and free surface boundary condition
was used in z direction. The top half of the crystal was dis-
placed as a rigid body with respect to the bottom half in the
negative x direction by a calculated value. Finally, the differ-
ence between the total energy after energy minimization and
the energy of the initial configuration was counted. SFE was
calculated using the following equation [35]:

Es = (Ef — Eo) /A (7)

where Eg is the SFE, E¢is the potential energy of the system after
creating the SF, E, is the potential energy of the system before
creating the stacking fault and A is the area of the stacking fault.
The single crystal model M3 presented in Fig. 8d. Fig. 8a is the
initial configuration, and the local potential energy is not

minimized at this time. During the displacement, the micro-
structural evolutions of M3 are shown in Fig. 8a—c. Fig. 8b and c
show the results of potential energy minimization after being
moved a/6<11-2>. It can be found in the black rectangular frame
(cf. Fig. 8a—c) that the atoms deviate from the initial points
although they are indeed at the FCC points after energy mini-
mization. As is shown in Fig. 8e, the derived stable SFE (ysf)
corresponding to M1-M4 are 19.64, 13.44, 6.6 and 1.51 (mJ/m?),
respectively. Therefore, the increase of Al atoms could reduce
the ysr of CoNiFeAl,Cu,.x HEAs. The fraction of each structure
(FCC, BCC, HCP and other) and the snapshots of common
neighbor analysis (CNA) are shown in Fig. 8f—h, which shows
that the degree and variation speed of FCC to BCC trans-
formation in M4 are higher than those of M1. Similarly, Fang
etal. [25] found that CoCrFeMnNi HEA with dual-phase is easier
to induce the HCP phase transformation and partial dislocation
motion due to the low SFE. Yang et al. [57] also found that by
increasing the degree of lattice distortion of Fe,sC030Cr10V10Nis.
xMny HEAs, the reduction of SFE occurs. Meanwhile, the phase
transformation is intensified during deformation. Besides,
Voro++ package was used to calculated the free volume of M1
and M4 during deformation at strain rate equal to 10° s~ at
300 K [58]. As Fig. 8i shows, the free volume of M4 is bigger than
that of M1, which represents that the tensile ductility of M4 will
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volume of M1 and M4 during tensile deformation.

be higher than M1. Therefore, the strain softening in Fig. 6a can
also be partly attributed to the intensification of phase trans-
formation caused by the increase of aluminum element con-
centration [59].

The dislocation analysis (DXA) algorithm was performed to
characterize the dislocation evolution of M1 and M3. The re-
gion indicated by the yellow arrow is occupied by the BCC

structure. Here, we only performed DXA on the FCC structure
so that the BCC atoms (yellow region) was identified as defect
mesh. It is precisely because these BCC structures are
distributed in the grain interiors, which lead to the discrete
distribution of partial dislocations. By observing the DXA of
M1 and M3 (cf. Fig. 9a and b), it can be seen that the swing
amplitude of the dislocation line is tremendous (cf. the red
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and pink rectangular local magnifying frame in Fig. 9). To
explain this phenomenon, the slip plane of the model, which
was used to calculate the SFE of M1 mentioned above, was
divided (planar surface is 12 x 12 nm?). The area was divided
into 144 equal parts and the SFE of each part was calculated.
The results of 144 independent SFE calculations are shown in
Fig .9c and a local SFE landscape of M1 is presented in Fig .9d.
Local inconsistency of SFEs causes the dislocations wavy slip
pattern occurs. It is also observed by the experiment [60] that
dislocation need to overcome the great difference in energy to
complete the slip, which results in slow dislocation move-
ment and dislocations attempt to bypass the high region of
the barrier to complete the dislocation slip. According to the
research reported by Lei et al. [5], the plastic flow can be ho-
mogenized when wavy slip pattern exists.

3.3. Influence of grain heterogeneity on tensile properties
To explore the influence of the grain heterogeneity on the
tensile mechanical properties and phase transformation of
FCC CoNiFeAlysCug; HEA, the D¢ varies from 12 to 26 nm,
while the average grain size of small grains is 9 nm. According
to the study reported by Chen et al. [27], the transition value of
Hall—Petch and inverse Hall—Petch relations is about 12.1 nm.
Therefore, the sizes of large grains belong to the Hall-Petch
relationship. In this section, the strain rate and temperature
are set to 1 x 10 s~* and 300 K, respectively. Fig. 10a and b
show the stress—strain curves of Dg (0—18 and 18—26 nm). It
can be seen that the trend of the curves obviously changes

when Dg = 18—26 nm (cf. Fig. 10b). With the variation of Dg,
the yield stress of the model rises while average flow stress
reduces. To distinguish the difference of flow stress, it is
calculated as the average stress interval of 10—20%. As shown
in Fig. 10c, the increase of Dg degrades the flow stress and it
appears exponential decline relation. It can be partly attrib-
uted to the limitation of the box size and the enlargement of
Dg, the region of small grains is compressed over a quite
limited volume. This further caused that the average grain
size of small grains declined, so the flow stress decreases with
the refinement of small grains. Besides, when plastic defor-
mation begins, the phase transformation gradually plays a
crucial role, which leads to the relaxation of excess stress, as
mentioned above. It is important to note that the size of
average small grains is about 9 nm, which is lower than the
Hall—Petch relationship explained above. The yield stress at
different D¢ is presented in Fig. 10d. Note that the yield stress
of Dg = 0 nm is a little higher than that of D¢ = 12 nm, because
the unit cell with the small Dg has a large proportion of GB,
resulting in greater dislocation propagation barriers. As a
result, more energy is required to propagate the dislocation
through the GB, which leads to the increase of yield stress. In
addition, the yield stress rises with the increase of Dg (cf.
Fig. 10d). It may be because the grain size of our simulation is
much smaller than that of the experiment, and the volume of
the simulation boxes is limited to 27,000 nm? due to in order to
enhance the computational efficiency. Therefore, large grains
have greater dominance of deformation during the linear
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elastic stage with the Dg increases gradually, especially when
the D¢ approaches to the size of the simulation box. Besides,
dislocations cannot be emitted in time in the case of
extremely high strain rate, which leads to the bumps be more
and more obvious in the stress—strain curves [61].

The evolution of FCC, HCP, BCC and unknown atomic groups
of unit cells with various D¢ as a function of strain are presented
in Fig. 11. The atomic fraction of HCP decreases with increasing
of D¢ when the strain below 5% (cf. Fig. 11b), indicates that the
dislocations are more difficult to emit from GB, which can
further account for the reason for the difference in yield stress of
the model with different Dg. Although the large grain size (Dg)
affects the proportion of GB (cf. Fig. 11d), the model with the
largest D¢ has the smallest number of FCC structure atoms after
£ =10% (cf. Fig. 11a). Meanwhile, it can be seen obviously that the
atomic fraction of BCC rises faster when the Dg is bigger (cf.
Fig. 11c). Here, more than 20% of FCC structure transforms to the
BCC structure. Because during the plastic deformation, the
larger D has more region for SFs to intersect with each other at
high strain rate, thus promoting an increase in FCC to BCC
transformation, as mentioned in Section 3.1. It results in that

the critical strain required to trigger the phase transformation
decreases with the increasing of Dg. Besides, the volume frac-
tion of phase transformation is proportional to the relaxation of
stress in the plastic flow stage. Therefore, flow stress decreases
as Dgincreases, as showed in Fig. 10c. Further, Von Mises strain
of different D¢ (18, 22 and 26 nm) were calculated by OVITO, the
local shear invariant of atom i can be calculated as follows [62]:

2 2 2
: Exx — € + (exx — € + (&yy — €
e%\/hses _ \/€>2<y +8>2<z + 8§z + ( XX yy) ( XX c zz) ( yy zz)

8)

When the large grains occupy the space of models, more
SF-SF intersection appears so that more significant phase
transformation volume is induced (cf. Fig. 12a, c and e). It can
be seen in Fig. 12b, d and f that FCC to BCC phase trans-
formation can reduce the local strain of the alloy to enhance
plasticity. However, the increase of tensile strain lead to
compressive strain, which induces the softening in HEA, just
like the study reported by Li et al. [22]. Besides, the large grain
sizes D¢ belong to Hall—Petch relationship, it is also a part of
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reason for the flow stress decreases with the Dg increases in
our simulations.

The grain size and the grain size ratio are much smaller in
the MD simulations than those in the experiments due to the
limitation of three-dimensional size. For this kind of hetero-
geneous grain structure of metal materials in the experiments
[63], the size of the ultrafine grain is about 200 nm, while the
grain size for the coarse grain is about several to dozens of um.
Therefore, the degree of grain heterogeneity in this nanoscale
cannot reach that in macro concept. Considering an intuitive
presentation, we simulated a heterogeneous grain structured
HEA with large grain sizes of 26 nm and a homogeneous grain
structured counterpart. In this simulation, periodic boundary
condition was only applied along y direction. Therefore, there
are free surfaces along the x and z directions to allow visual
surface effects. The tensile simulation results show that the
ductility of HEA with heterogeneous grain structure is
remarkably improved (presented as a video in the Supple-
mentary materials). Relying on the soft large grain, HEA with
heterogeneous grain structure has more volume to share
uniform plastic deformation than homogeneous nano-
crystalline HEA.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jmrt.2021.07.116

4, Summary and conclusions

In this work, the tensile behavior of CoNiFeAl,Cu,.x HEA with
heterogeneous structure was simulated at different strain
rate, aluminum (Al) concentration and large grain sizes. The
relevant deformation mechanisms have been explored. The
combination of heterogeneous grain structured and strain
softening mechanism provides insights into improving me-
chanical properties of HEAs. Based on the results of simula-
tion, some conclusions can be drawn as follows:

(1) The increase of strain rate changed the deformation
mechanisms of FCC CoNiFeAlpsCup; with heteroge-
neous grain structure from grain combination and
dislocation motion to GB diffusion and stacking fault
(SF) interaction. Especially at the ultra-high strain rate
(1 x 10 s71), SF-SF intersection is more likely to occur
in the large grains, resulting in a higher degree of phase
transformation at high strain rate than atlow strain rate
(5 x 107 s71). For small grains, the SFs are almost parallel
to each other independent of different strain rates due
to the suppressed cross-slip by the large separation
between partial dislocations in HEAs with low SFE.
The stable SFE values of 19.64, 13.44, 6.6 and 1.51 (mJ/
m?) were respectively obtained for FCC structured
CoNiFeAlj ;Cug 9, CoNiFeAly ,Cug g, CoNiFeAl, sCug y and
CoNiFeAly 4Cup¢ HEAs. The yield stress of heteroge-
neous grain structure can be improved by decreasing
the Al concentration. Besides, the degree of FCC to BCC
phase transformation can be raised by the drop of SFE.
Local non-uniform SFE lead to the great difference in
energy that dislocation need to overcome to complete
the slip, resulting in the occurrence of wiggled disloca-
tion lines and slow dislocation movement.

S
»

(3) When the size of large grains increases, the plasticity of
HEA is improved and the strength can be also guaran-
teed. The large grain shares much plastic strain, while
the existence of FCC to BCC phase transformation makes
the strain softening during plastic flow stage, which may
bring about further enhance the ductility of HEAs.

Obvious grain rotation takes place in the small grains
during the plastic deformation of heterogeneous grain struc-
tured HEAs. Grain rotation accommodates mechanical in-
compatibility and supports more plastic deformation.
Theoretically, the back/forward stress between large and
small grains may be beneficial to accelerate the behavior of
grain rotation and this is worth further systematic discussion.
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