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Understanding the incipient plastic mechanism in metals is critical for their associated mechanical proper-
ties. While heterogeneous dislocation nucleation from pre-existing defects constitutes the most prevalent
onset mechanism of plasticity in the conventional solutions, such a scenario may break down in the recently
emerging chemically-disordered high/medium entropy alloys (HEAs/MEAs), owing to their unique multiple-
component feature and the inevitable inhomogeneity in local atomic environments. Here, classical molecular
dynamics simulations and first-principles density functional theory calculations are carried out to study the
atomic-scale mechanisms governing the incipient plasticity in a prototypical chemically complex face-cen-
tered cubic (fcc) CrCoNi MEA. Dislocation nucleation is found to occur preferentially at an energetically
unstable defect cluster with body-centered cubic like (bcc-like) atomic environment as a precursor, after cer-
tain deformation before plasticity, which is in contrast with the usual mechanism of heterogeneous disloca-
tion nucleation in the conventional solute solution metals. The minimum energy pathway of dislocation
nucleation from a bcc precursor is discussed to rationalize the usual phenomenon. First-principles athermal
quasi-static compression test validates the mechanism suggested by atomistic simulations. Further electronic
structure analysis suggests that the local bcc-like defect cluster is related to the localized electronic behaviors
of Cr atoms and the weak Cr-Cr bonding, which promote the dislocation nucleation and therefore the incipi-
ent plasticity of CrCoNi MEA. The atomic and electronic insights reported here highlight the significant role
of local chemical order in determining the mechanical property, and shed light on the strategy of optimizing
mechanical performance via tailoring composition and local atomic arrangement in the generic highly con-
centrated solutions.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords:
Dislocation nucleation

Medium-entropy alloy
Local chemical order
Molecular dynamics
Density functional theory
nlinear Mechanics, Institute of
00190, China.
hdai@lnm.imech.ac.cn

vier Ltd. All rights reserved.
1. Introduction

The high-entropy alloys (HEAs) or complex concentrated alloys
(CCAs), and their derivatives (e.g., medium- entropy alloys, MEAs), in
which multiple principal elements in equal or near equal molar ratio
are occupied randomly on the topologically ordered crystallographic
lattices with a high chemically disorder, have emerged as an exciting
new class of metallic structural materials [1�9]. This unique atom-
packing structure imparts HEAs many extraordinary mechanical
properties, such as exceptional fracture toughness [10�14], great
potential to overcome traditional strength-ductility trade-off
[15�24], superior “self-sharpening” capability [25], outstanding
resistance to hydrogen embrittlement [26�29], impact resistance
[30�32], and radiation resistance [33�35] etc. The special structure
features i.e. lattice distortion caused by atomic mismatch and chemi-
cal disordering are often invoked as the reason for their excellent
properties [36, 37]. Actually, the lattice distortion often intertwine
with the chemical effect from electronic interaction and necessitate
inhomogeneous distribution of the elements, where there will be
local preference (or avoidance) for bonding between certain nearest-
neighbor species [7, 38]. This composition inhomogeneity is universal
in HEAs and has been detected in pioneering CrMnFeCoNi and deriv-
ative CrFeCoNiPd HEA [7, 39, 40]. The inhomogeneity imposes a rug-
ged atomic and energy landscape for plastic deformation, leading to
ongoing change in the local mechanical conditions for the deforma-
tion evolution [7].

The role of the composition inhomogeneity in the deformation of
HEAs/MEAs has been increasingly studied in term of local chemical
order (LCO), which has been verified in recent experiments [41, 42]
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and atomic modeling [39, 43�45]. Li et al. [44] recently constructed a
reasonable atomic interaction potential for CrCoNi MEA and made
MD simulations using this potential as a standard A-B-C complex
alloy model. They demonstrated that the LCO heightens the rugged-
ness of the local energy landscape and raises the activation barriers
that govern dislocation activities for CrCoNi MEA. By employing DFT
calculations, Ding et al. [46] showed that the SFEs and the energy dif-
ference between the face-centered cubic (fcc) and hexagonal close-
packed (hcp) phases of CrCoNi MEA can be tailored over a wide range
of values by tuning its LCO. Most recently, Chen et al. [40] found that
the variations in local chemical composition of CrMnFeCoNi HEA pro-
mote a high density of Lomer-Cottrell locks, which facilitate the con-
struction of the stacking-fault networks to provide nucleation sites
for the hcp phase transformation. The unusual dislocation behavior
in HEAs caused by their composition inhomogeneity, as systematic
elucidated by Ma [7], may further enhance our understanding of the
intrinsic difference for deformation between HEAs and the traditional
metals since the stacking fault (SF), twinning, and phase transition
are actually partial-dislocation mediated process [7, 40, 47�49]. The
increasing successes in the understanding of the coupling effect of
local chemical bond to defect behaviors facilitates the development
of a more-general theoretical approach of predicting the deformation
process.

However, a specific issue remaining to be resolved pertaining to
how does the local chemical environment affect the dislocation
nucleation. Such information is essential to enhance our understand-
ing of fundamental deformation mechanism of these alloys. For tradi-
tional alloys, it has been demonstrated that the rapid drop of
dislocation nucleation energy barrier with temperature increasing is
attributed to the weakening of atomic bonds caused by thermal
expansion [50], which would be the origin for the well-defined ther-
mally activated nature of dislocation nucleation [50�54]. This implies
that the nature of chemical bonds play an important role in disloca-
tion nucleation, which would become more prominent and intricate
for HEAs/MEAs due to their random distribution of elements which
would experience complex displacement processes during deforma-
tion. For example, Sharma et al. [55] have revealed a specific atomic
rearrangement with the increase in unlike Al-Co and Al-Cr pairs and
decrease in like Al-Al pair at high strain during the compression of a
AlCrCoFeNi HEA. Therefore, there is an urgent demand for unraveling
the underlying physical picture of the self-organized atomic rear-
rangement during dislocation nucleation to clarify the influence
mechanism of local chemical bonds. Present experimental advances
are still extremely difficult to catch the atomic mechanism of disloca-
tion nucleation involving the change of local chemical bonds [53, 56].
Atomistic simulations can provide a real-time and atomic-scale mon-
itoring of the deformation processes such as dislocation nucleation,
motion and reactions [44, 52, 57�59]. An electronic-level description
of atomic bonding is also required to understand related physical
mechanisms, which can be provided by ab initio quantum mechani-
cal calculations performed within the DFT. Accordingly, we propose
to couple the MD simulations with the first-principles DFT calcula-
tions in this paper, to elucidate the atomic-level origin and pathway
of dislocation nucleation and their intrinsic link with the LCO in
chemically complex CrCoNi MEAs.

2. Methods

2.1. MD simulations

MD simulations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package [60],
where the recently developed DFT-calibrated embedded-atom
potential for CrCoNi MEAs by Li, Sheng, and Ma [44] is used. This
potential provides a relatively accurate description of both the unsta-
ble and stable SFEs compared with DFT calculations, which is
important for atomic simulations of dislocation nucleation [44]. A 3D
periodic computational cell is used to investigate the dislocation
nucleation in single crystalline CrCoNi MEA under uniaxial compres-
sion at different strain rates of 1.0£ 108, 1.0£ 109, 5.0£ 109,
1.0£ 1010 and 2.5£ 1010 s�1. The simulation CrCoNi single crystal
block (»860,000 atoms) was generated with a cell size of 24.41 nm
along the crystallographic directions of [100], [010] and [001],
respectively. The average lattice parameter of this alloy is 3.559 A

�
. To

create the MEA with traditional random solid solution (RSS) struc-
tures, Ni atoms in fcc phase were randomly selected and replaced
with Co and Cr until the desired composition was achieved. RSS sam-
ples with different compositions, including equiatomic CrCoNi
(medium Cr), non-equiatomic Cr44Co28Ni28 (high Cr) and
Cr22Co39Ni39 (low Cr), are used to study the effect of Cr content on
the mechanical behaviors of CrCoNi alloys. Partially ordered equia-
tomic MEA samples with L12 Cr structure are created by fixing Cr ele-
ment in the cubic corner sites, while the face-centered sites are
randomly occupied by the other two elements (»33.3% for Co and Ni,
respectively) and the remaining Cr (»8.33%).The same procedure is
used for creating L12 Co and L12 Ni equiatomic MEA samples. For the
absolute RSS sample, the atoms are equivalent and randomly distrib-
uted in the lattices. However, for the alloyed L12X structure, the X
(Cr, Co or Ni) atoms can only occupy the second nearest neighbor
shell and, thus, possess fewer X-X pairs.

Before uniaxial compression along [001] orientation, where the
normal stresses in the lateral directions vanish, all the configurations
are thoroughly relaxed with energy minimization and then being
equilibrated in a isobaric-isothermal (NPT) ensemble [61] at a pres-
sure of zero and a temperature of 300 K for 10 ps. After the relaxa-
tions, the uniaxial compressive loading was applied to the MEA
samples at room temperature (300 K) and at a constant strain rate.
The compressive strain at each time step along the [001] orientation
was uniformly increased by De ¼ _eDt, where Dt was the MD time
step of 1 fs and _e was the loading strain rate (1.0£ 108�2.5£ 1010

s � 1). The visualization of the atomic configurations was performed
using the Polyhedral Template Matching (PTM) method as described
in Ref. [62] and has been implemented in the OVITO software [63].

The free-end nudged elastic band (FENEB) method [64, 65] is used
to search the minimum energy path (MEP) of dislocation nucleation
under a given uniaxial stress. The fully relaxed configuration with
prescribed strain is chosen as the initial state. A configuration with
the same axial strain but contains a dislocation loop is set for final
state. FENEB calculations were performed with 12 system replicas
(including the initial and final states) with a force tolerance conver-
gence criterion of 0.005 (eV/A

�
). The spring constant in the FENEB

method is set to be 0.1 eV/ A
� 2.

2.2. First-principles calculations

To further verify the structural evolution and the corresponding
electronic origin during uniaxial compression of CrCoNi MEAs, DFT
based compression calculation was carried out, using a plane wave
method, as implemented in the Vienna Ab initio Simulation Package
(VASP) [66]. A category of 4£ 6£ 4 supercells with special quasi ran-
dom structures (SQS), which closely mimic the most relevant nearest
neighbor pair and multisite correlation functions of random alloy in
small systems with periodic boundary conditions, were generated
through a were generated through a Monte Carlo (MC) algorithm
within the Alloy Theoretic Automated Toolkit (ATAT) package, devel-
oped by Alex van de Walle et al. [67]. The objective function need to
be minimized is Q ¼�wL þP

a2A jDraðsÞj, where Dra(s) denotes
the gap of correlation function between a candidate state and fully
disordered state. The best SQS supercells were chosen by running
separate MC simulations with different seeds, where the configura-
tion with the lowest objective function was adopted to further calcu-
lation.
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A gradient-corrected functional in the Perdew-Burke-Ernzerhof
(PBE) form was used to describe the exchange and correlation inter-
actions in DFT [68]. Electron-ion interactions were treated within the
projector-augmented-wave (PAW) method [69]. A sufficiently high
energy cutoff of 400 eV was adopted for the plane-wave basis set
expansion. The energy convergence criterion was set to be 10�6 eV.
Brillouin zone integrations were performed using 3£ 1£ 3 Mon-
khorst-Pack k-point grids. Collinear spin polarization (ISPIN = 2) is
enabled in all the calculations. The stress-strain relations of the
CrCoNi MEAs under uniaxial compression are determined using a
method described previously by Roundy et al. [70]. The lattice vectors
are deformed incrementally in the h001i direction. At each deforma-
tion step, the structure and atoms are simultaneously relaxed such
that the relaxed stresses, except for the fixed direction (z axis), are
smaller than 0.015 GPa, and the forces acting on each atom is below
0.01 eV/A

�
.

3. Results and discussions

3.1. Mechanical response and deformation mechanism

In order to analyze the mechanical and structure response, we
will track the stress and structural evolution at strain rate of
1.0£ 108 s�1 which is typical of MD simulations. The result are
shown in Fig. 1, in which the dependence of the numbers of bcc and
hcp atoms on the compressive strain (the right axis) are also illus-
trated. In the linear elastic region, the atoms all keep their original
lattice structure of fcc type. When the strain reaches the critical of
»5%, some atoms deviate from their equilibrium positions partially
and rearrange into a bcc structure with a lower coordination number.
These bcc atoms break the local symmetry and could be considered
as a structural defect, leading to the slope decrease in nonlinear elas-
tic region. In this sense, the fcc-to-bcc transition yields kind of pseudo
plastic behavior. When stress increases to a critical value of »4.4 GPa,
a significant stress drop occurs in the stress-strain curves, signifying
the onset of plastic deformation. The moment of the onset of plastic-
ity can be regarded as the beginning of the formation of dislocation
loop bounding a stacking fault region, which is reflected at the begin-
ning of the intensive growth of the number of hcp atoms at strain of
6% (indicated by the first vertical dash line in Fig. 1). When the nucle-
ation process finishes, the dislocation loop propagates quickly accom-
panied by the dramatically increase of the number of hcp atoms,
Fig. 1. The evolution of stress and structure as a function of strain for the RSS CrCoNi
MEA under strain rate of 1.0£ 108 s�1. Atoms colored by blue, red and green represent
those in bcc, hcp and fcc structures, respectively. The hcp atoms are actually those in
stacking fault regions after the leading partial dislocations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
which leads to a significant stress drop in a sudden manner. Interest-
ingly, the stress drops more slowly with a finite slope at relatively
higher strain rates (> 109 s�1) after yielding (See Fig. S1 in the Sup-
plemental Materials). In this case, the number of hcp atoms increases
and stress decreases in a mild manner, eventually forming abundant
small SFs (see Fig.S2 in the Supplemental Materials). These small SFs
intersect with each other and finally form a dense 3D SFs network,
hindering the further growth of small loops and thus delay the stress
drop.

3.2. Atomic and physical mechanism of dislocation nucleation

To reveal the incipient process of dislocation nucleation, the
atomic scale structural evolution of the dislocation enclosed SFs is
traced. The results are shown in Fig. 2. Here, only three layers of
atoms at a (111) slip plane are plotted. For a more intuitive display of
the stacking order, the radius of the Ni, Co and Cr atoms are set to be
the same. In Fig. 2, from left to right, the common neighbor analysis
(CNA) is used to indicate the lattice symmetry, which can distinguish
whether an atom is in fcc, bcc, hcp (hexagonal cubic phase), or other
disordered phases. The centro-symmetry parameter (CSP) is also dis-
played to measure the local lattice distortion around an atom and, it
can be used to characterize whether the atom belongs to a perfect lat-
tice, or resides in a SF. The displacement vector and non-affine
squared displacements [71], D2

min, are also shown to trace the change
in atom positions, which can detail the motion pattern of atoms dur-
ing dislocation nucleation.

Although a few atoms rearrange to a bcc-like environment at
e = 0.0634, the atoms still in a close packed form as such in the perfect
fcc lattice (Fig. 2a1). Note that not only the bcc-like defect atoms but
also some fcc atoms possess a high value of CSP (Fig. 2a2), indicating
a strong lattice distortion effect of the chemically complex CrCoNi
MEA. This distortion is consisted as the static disorder due to atom
radius mismatch and the dynamic disorder due to thermal vibrations
constraint in different local chemical environments. The disordered
distribution of atomic displacement relative to the initial undeformed
configuration (e = 0) indicates that there is no preferred direction of
atomic movement in the deformation process, at least before the
moment of e = 0.0634 (Fig. 2a3 and a4). With increasing strain up to
0.0635, more fcc atoms rearrange to be bcc-like defects and form a
successive double-layer nanoscale defect cluster (see Fig. 2b1),
accompanied by random atomic movements (see Fig. 2b3). Similar
defect clusters are reported in a Al-Cu alloy [72]. This double-layer
defect cluster further expands with the strain increasing to 0.0636, at
which some central-region bcc atoms rearrange to hcp severing as
nucleus for SF (the red atoms in Fig. 2 c1). The obvious split within
this double-layer defect cluster indicates that the stacking order in
this region is converted from ABC to ABA, in agreement with the
stacking sequence of a SF in a fcc lattice (Fig. 2c1). Here A, B, and C
denote three nonequivalent atomic layers with different stacking
positions in a fcc lattice. The large nonaffine squared displacements
from e = 0.0635 to 0.0636 indicates a strong nonaffine effect of atomic
motion during dislocation nucleation (Fig. 2c4). Meanwhile, the dis-
placement vectors of the hcp atoms in the adjacent layer are arranged
in a certain direction, suggesting that such nonaffine deformation
process is caused by the relative interlayer slip (Fig. 2c3). The signifi-
cant difference of the D2

min between these adjacent layer atoms also
confirms the interlayer slip during formation of a SF (Fig. 2c4). A big
SF enclosed with a partial dislocation loop (green loop as show in the
inset in d1) nucleates and expands quickly based on this hcp embryo
when the strain increases to 0.067 (Fig. 2d1 and d2). This nucleation
process is governed by the atom shuffling mechanism, in which a
majority of the atoms are shifted along ½101� crystallographic orienta-
tion and a few atoms move along other orientations (Fig. 2d3). Note
that the atoms in the center of SF (white circle, Fig. 2d4) is of high
value of CSP (Fig. 3c2), but small D2

min. At this moment, the SF embryo



Fig. 2. Microstructural evolution showing the formation of a partial dislocation loop (and the followed SF) in MD simulations of RSS CrCoNi single crystal compressed at strain rate
of 108 s�1. The atomic configurations recognized by (a1-d1) CNA. Green: fcc, red: hcp, blue: bcc. (a2�d2) CSP, the value between 4 and 8 are considered as those in SF/dislocation
loop, (a3�d3) displacement vector with a scaling factor of 7, and (a4�d4) non-affine squared displacements D2

min, respectively. The color scheme of atoms in (a3�d3) is the same as
those in (a1�d1). The rows (a�d) denote the configurations derived from the strain magnitudes of 6.34%�6.37%, respecmtively. The insets in b1, c1, and d1 indicate the zoom out of
the dislocation nucleation regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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has already formed, and the boundary atoms on the front of disloca-
tion loop bear most of nonaffine distortions. This further confirms
that the double-layer defect cluster severs as the embryo of SF and
the formation of this embryo dominates the nucleation of dislocation.

To gain a deeper understanding of the nucleation mechanisms, we
calculate the stress dependence of the activation energy of the dislo-
cation nucleation, using the FENEB method. The activation energies
and the corresponding minimum energy path (MEP) at 0 K are plot-
ted in Fig. 3. A noteworthy feature is that the trend of the activation
energy can be divided into two different regimes and can be fitted by
different empirical equations. It signifies different physical character-
istics of dislocation nucleation at low and high stress condition, as
shown in Fig. 3a. As shown, the activation energy decreases with
stress in the full stress range. This is understood since mechanical
work reduces the barrier height and facilitate the nucleation. We fit
the activation energy versus stress curves with the well-known
empirical Kock’s law in form of QðsÞ ¼ A 1� s

s0

� �a� �b
, here s0 is an

athermal stress, and A, a, and b are fitting parameters [73] . For s �
4.25 GPa, the activation energy decreases with stress with exponents
of a ¼ 0:51 and b ¼ 1:21. However, at high stress s � 4.25 GPa, it
reads a ¼ 1 and b ¼ 0:766. The activation volumeV is defined as the
negative derivative of activation energy with respect to stress, i.e.,
V ¼�@Q
@s. Activation volume is usually used as a kinetic signature of

the deformation mechanisms [74]. For traditional coarse-grained
metals, V is typically on the order of b3�10b3 for surface dislocation
nucleation, whereas V is as large as 100b3�1000b3for the homoge-
neous (bulk) dislocation nucleation. Here b is the magnitude of the
Burgers vector [52]. Since the strain rate sensitivity is inversely pro-
portional to activation volume, i.e., m/ kBT

sV
, the strain rate depen-

dence of surface dislocation nucleation (heterogeneous) is larger
than that of homogeneous dislocation nucleation in bulk metals.
Here kBT is the thermal energy with kB being the Boltzmann constant
and T the absolute temperature in Kelvin. Fig. 3b shows the V value
as a function of stress associating with the homogeneous dislocation
nucleation in the present. For s < 4.25 GPa, the activation volume
decreases with increasing stress slowly, with the V value in range of
80b3�95b3, which is consistent with the recent experimental meas-
urements [75, 76]. While for 4.25 GPa < s < 5.25 GPa, the activation
volume also increases mildly as stress increases, with the V value in
range of 35b3�55b3. This activation volume is much lower than that
in low stress region (s < 4.25 GPa) and that in the conventional FCC
metals, suggesting that the thermally activated process in MEAs is
much more sensitive to temperature and strain rate than that in con-
ventional FCC metals [52]. This is confirmed by the peak stresses



Fig. 3. Stress-dependent activation parameters for the homogeneous nucleation of partial dislocations. (a) The activation energy as a function of stress. The solid line is a nonlinear
fitting according to the Kock’s law QðsÞ ¼ A 1� s

s0

� �a� �b
[73, 78]. (b) The activation volume as a function of stress which is calculated by taking the derivative of Q(s) with respect

to s. (c) A representative minimum energy path (MEP) and the corresponding atomic configurations at low stress condition that derived from s = 4 GPa. (d) A representative MEP
and the corresponding atomic configurations at high stress condition that derived from s = 5 GPa.
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shown in Fig.S1 in the Supplemental Materials, where they are more
strain rate sensitive at high strain rates (5.0£ 109 - 2.5£ 1010 s�1)
than that at low strain rates (108 - 109 s�1). At very high stress levels
near the ideal dislocation-nucleation stress of s > 5.25 GPa, the acti-
vation volume increases dramatically with stress, suggesting a strong
stress dependent nucleation process which is more “athermal” than
the rest stress region [54]. The physical scenario of dislocation nucle-
ation here is in strong contrast with the usual observation of one con-
tinuous mechanism up to athermal stress [52, 77], which implies
strong LCO effect on the nucleation dominated plastic mechanism in
chemical complex alloys.

The corresponding atomic configurations of the MEP of disloca-
tion nucleation at relatively low and high stress regimes are dis-
played in Fig. 3c and d. Here we take the cases of s = 4 GPa and
s = 5 GPa as examples. For the high stress region as shown in Fig. 3d,
the MEP can be divided into four successive stages. In the first stage
(A!B in Fig. 3d), some perfect fcc atoms rearrange into a bcc struc-
ture, with a higher energy state of about 1.15 eV with respect to the
initial state. In the second stage (B!C), a small dislocation loop
enclosing a stacking fault (the red hcp atoms) is nucleated based on
the bcc defect clusters. The energy difference between B and C is
0.7 eV. This small dislocation loop is energetically less stable and
needs further expansion to a bigger and more stable dislocation loop
(C!D), with an energy difference of 0.3 eV. Once a stable dislocation
loop is formed it prefers to further expand rather than shrink, being
accompanied by a quick decrease in energy (D!E). Stress is totally
relaxed after reaching to the final state (E) with a stable SF structure.
However, as shown in Fig. 3c, in the low stress region, the transition
process only can be divided into three stages, i.e., formation (A!B),
stabilization (B!C) and extension of dislocation loop (C!D), which
misses a clear local fcc-to-bcc transition before dislocation nucle-
ation. It should be pointed out that the bcc cluster shown in the front
of the SFs are actually generated after the formation of SF (dislocation
loop), which is an atomic mechanism for the propagation of SF (dislo-
cation loop) in this CrCoNi MEA [79].

Note that the activation volume of homogeneous dislocation
nucleation in single crystal calculated here is nearly two orders of
magnitude greater than those measured by nano-indentation of



Fig. 4. (a) The dependency of the number of Cr, Co and Ni atoms within bcc structure under strain rates of 108 s�1 (The number of these atoms is normalized to the total number of
atoms in the model), (b) the corresponding variations of the average bonding length for different atom pairs and (c) the structure and bonding length evolution of a bcc defect clus-
ter along the minimum energy paths displayed in Fig. 3d. Atoms are colored by CNA number with green for fcc, red for hcp, and blue for bcc structure, respectively. Chemical bond-
ing are colored by their length as scaled in color bar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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CrCoNi MEA [80] and HEAs [81] as well as pure metals [82]. The
experimental sample usually contain plenty of defects such as
vacancy and pre-existing dislocation, which cannot be completely
eliminated by annealing [83]. In the presence of pre-existing disloca-
tions, the displacement burst could be associated with the dislocation
multiplication rather than nucleation and the dislocation loop expan-
sion could be the dominating mechanism [84]. Besides the disloca-
tion can also nucleate at a pre-existing vacancy or vacancy cluster
[53]. Therefore, the pop-in events under nanoindentation are usually
heterogeneous dislocation nucleation processes with small activation
volume, even sometimes involve diffusive mechanisms. Our simula-
tions are implemented in a defect-free sample, and the dislocation
are nucleated homogeneously as shown in Figs. 1�3.

If fed into the rate equation, these large barriers (> 5 eV, Fig. 3a) in
low stress region would lead to an unreasonable time scale for
dislocation nucleation. However, the energy difference between a
fully nucleated dislocation and the bcc defect clusters is »0.7 eV,
which will give a reasonable nucleation rate comparable to a typical
laboratory experiments (time scale of seconds to hours) at room tem-
perature. Therefore, the nucleation of dislocation loop can only occur
at a very high stress condition assisted by the nanoscale bcc-like
defect cluster formation. Several simulations have shown that the
homogeneous nucleation of dislocation is assisted by the similar
defect structures, which was considered to be the result of thermal
fluctuations within corresponding atomically small activation vol-
umes [53, 85, 86]. On the other hand, the fact that numerous of new
small SFs that enclosed by partial dislocation loops grow in the early
stage indicates a high dislocation nucleation rate at high strain rate
loading (see Fig.S2 in the Supplemental Materials). This may result
from the large numbers of bcc-like atoms (»7%, see Fig.S2) during the
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onset of dislocation nucleation, which are much higher than that of
low rate (»0.7%, See Fig. 1). All of these imply that the formation of
nanoscale defect cluster is vital to the nucleation of dislocation in the
generic chemically inhomogeneous alloys.
3.3. Formation of bcc-like defect cluster

As shown, the formation of this bcc-like defect cluster can be
caused by either thermal fluctuation (Fig. 1) or stress (Fig. 3). To fur-
ther study the formation mechanism of these bcc-like defect clusters,
we examine the atomic structural evolution of the bcc defect clusters
during compression at strain rate of 108 s�1 and along the minimum
energy paths at high stress condition of s = 5 GPa. The results are
shown in Fig. 4, in which Fig. 4a show the evolution of the numbers
of Cr, Co and Ni atoms with bcc-like environment. In the conventional
metals, the related structural rearrangements during deformation do
not occur for isolated atoms and the defect nucleation sites are usu-
ally determined by thermal fluctuations [87]. But in the case of
CrCoNi MEA studied here, the atom fraction of Cr in these bcc defect
clusters is much higher than others, implying a different mechanism
for the defect formation during deformation.

This chemical inhomogeneity of the defect structure is related to
the property of the chemical bonding of different atom pairs [88]. Fig.
4b show the change of the bonding length of different atom pairs as
strain increases. In the elastic stage, all the bonding lengths decrease
with different rates except the Co-Ni bonding, which suggests obvi-
ous differences in the nature of different chemical bonds. All the
bonding lengths including Co-Ni pair are reduced rapidly when the
bcc defect clusters begin to form at strain of »5%. The minimum of
the bonding lengths is observed at compressive strain of »6.3%, cor-
responding to the maximum number of bcc defect atoms (as shown
in Fig. 4a). The bcc atoms decrease but the bonding lengths increase
as the deformation proceeds to the dislocation dominated stable
state. The dramatic reduction of the bond lengths during the forma-
tion of the bcc defect clusters implies a lattice collapse mechanism
for such cluster formation, which is similar to the well accepted Bain
model for the fcc-to-bcc phase transition [89]. The drastic contraction
of Cr-Cr bonding during the defect formation suggests that the Cr-Cr
bonding is weaker. The defect cluster prefers to originate from the
collapse of the Cr-Cr bonding, conforming to the high atom ratio of Cr
in the bcc defect clusters as demonstrated in Fig. 4a. This evolution
mechanism of the bcc defect clusters is identical for high rate loading
(see Fig.S3). Fig. 4c details the evolution of the atomic structure and
bonding length of a small bcc defect cluster along the minimum
energy paths at high stress condition of s = 5 GPa. It reveals an obvi-
ous structure collapse process during bcc formation characterized by
an evident shorten of bonding along [001] direction (directed by
black arrows), especially during the formation of a double-layered
BCC cluster (denoted as No. 3 configuration in Fig. 4c). While the for-
mation of hcp atoms are also accompanied by a stretch of bonding
(directed by yellow arrows), corresponding to the recovery of bond-
ing length at strain > »6.3% shown in Fig. 4b. This evolution process
coincides well with the MD simulations shown in Fig. 4b, which
obeys the well-accepted Bain model of FCC!BCC phase transition.
3.4. Electronic structure mechanism

But there are still two open questions remaining. 1) Is the defect-
mediated dislocation nucleation mechanism relevant to the accuracy
of the empirical interatomic potential used in the MD simulations?
And 2) what is the governing mechanism of the lattice and bond col-
lapse during the formation of the bcc-like defect clusters? To answer
these questions, first-principles calculations are performed here to
further verify the proposed nucleation mechanism in atomistic simu-
lations, and reveal a possible electronic structure mechanism.
Fig. 5 shows the stress-strain curve and the corresponding struc-
tural evolution of a RSS-CrCoNi MEA supercell of 228 atoms during
the first-principles compression along [001] crystallographic orienta-
tion. Overall, the stress-strain behavior obtained by DFT agrees well
with MD simulations. Stress increases monotonously in the elastic
region and then declines sharply due to the formation of dislocation
(or SF) that indicates the initiation of plastic deformation. As
expected, there also appears a local bcc defect cluster before the for-
mation of SF, in analogy with the results predicted by MD simula-
tions. Closer comparison of Fig. 5 with Fig. 1 would reveal that the
local bcc defect appears at the yielding point of the DFT calculations,
whereas it arises before yielding for the MD simulation. This differ-
ence can be attributed to the atomic thermal vibration in MD, while
the DFT is athermal compression at 0 K. For the MD simulations per-
formed at 300 K, the atoms fluctuate near their equilibrium positions,
which is easy to deviate strongly from the equilibrium position and
sometimes leads to the formation of defect clusters under combined
conditions of stress and temperature. In this case, the defect clusters
are unstable and may vanish during relaxation [87]. At high strain
rate loading, the structural relaxation of the bcc defect atoms are sup-
pressed (no enough relaxation time allowed) and thus the survived
defect atoms are more abundant than that at low strain rate (see Fig.
S2). While for the first-principle calculations, the atoms are all in
their ground state such that no thermal vibration involved, it is rea-
sonable that the bcc defects are only induced by large stress which
promotes atomic rearrangement near and after yielding. Below the
critical stress in MD, the formation of the bcc defects is attributed to
thermal vibration, which is energetically unfavorable and thus unsta-
ble. However, in the case of DFT, the defect clusters can be activated
if only the stress reach the critical value in stress-strain curve. In this
case, the bcc defect cluster can be directly formed inherited from the
perfect fcc lattice, which is consistent with the MEP of dislocation
nucleation at high stress s = 5 GPa, calculated by FENEB (Fig. 3d).

We also notice that the bcc defect atoms are also of high concen-
tration of Cr element in the current DFT calculations, which again
reproduces the scenario predicted by MD simulations. As shown in
Fig. 4, there is consistent decrease in bond length with increasing
strain during multiplication of the bcc clusters. This suggests a stress-
assisted formation mechanism of the defect clusters. To obtain fur-
ther understanding of the electronic origin of the bcc-like defect gen-
eration, the electron localization function (ELF) at different strains of
e = 0, e = 0.085, e = 0.092 and e = 0.099 are plotted in Fig. 6. The ELF are

given by ELF ¼ 1

1þ D
Dh

� �2, where D ¼ 1
2

P
i jr ’ij2�1

8
jrrj2
r and

Dh ¼ 3
10 ð3p2Þ5=3r5=3, ’i is the wave function built from Hartree-Fock

or Kohn-Sham orbitals [90]. The ELF values are range from 0 to 1,
where 1 corresponds to perfect localization. The strains are corre-
sponding to the four typical structures as shown in the insets of
Fig. 5. Briefly, the higher the ELF value between atoms, the more
localized the electronic behaviors, and the more dominant the cova-
lent bonding nature. Fig. 6a reveals a concentrated ELF distribution
around Cr atoms, implying a localized electronic behavior of Cr atoms
and a covalent bonding character of Cr-Cr bonding. This is in strong
contrast with the nonlocal nature of ELF function around either
Co or Ni atoms. This covalent character makes the Cr-Cr bonding
more directional, which would exhibit a poor deformation com-
patibility. This will induce possible stress concentration on Cr
atoms during loading. Further, this directional Cr-Cr bonding
would collapse under very high stress, leading to the formation
of bcc defect clusters, as demonstrated in Fig. 4. Note that the ELF
is slightly decreased when the bcc defect atoms are formed (com-
pare Fig. 6b, c, to a). However, these variations are too small to
produce an essential change of the Cr-Cr covalent bonding char-
acter. Further deformation results in no pronounced change in
the ELF distribution, but the new bcc atoms (and hcp atoms) still



Fig. 5. Stress-strain curve and the corresponding atomic structural evolution of RSS-CrCoNi MEA during first-principles compression along [001] crystallographic orientation. Atoms
are colored by CNA number with green for fcc, red for hcp, and blue for bcc structure, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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appear around the concentrated ELF region with uninterrupted Cr
atoms (as shown in Fig. 6b�d). In a word, the localized electronic
distribution of the Cr atoms that possess covalent bonding nature
Fig. 6. The ELF maps of the CrCoNi MEA at different strains, (a) e = 0, (b) e = 0.085, (c) e = 0.0
tively. The black and white circles indicate the bcc and hcp atoms after deformation. The sho
colour in this figure legend, the reader is referred to the web version of this article.)
can be severed as the soft region, in which stress concentration
take place, and consequently the bcc-like defects emerge after
bonding collapses during deformation.
92, and (d) e = 0.099. Purple, blue and gray balls represent Cr, Co and Ni atoms, respec-
wn slice is a (010) plane with thickness of 1.7 A

�
. (For interpretation of the references to
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To further explore the electronic level bonding properties among
the Cr�Cr, Cr�Co, Cr-Ni, Co-Co, Co-Ni and Ni�Ni pairs in the local
region with a concentrated ELF distribution (Fig. 6a), the total elec-
tron charge density and the local density of states (LDOS) are calcu-
lated for the undeformed CrCoNi MEA. Through the charge density
shown in Fig. 7a, one can see that the chemical bonding is already
anisotropic and asymmetric in the undeformed configuration, caused
by the heterogeneous local chemical environment. Fig. 7b show the
LDOS for the atoms in different sites that are also plotted in the light
of the nearest atom pairs (Cr1-Cr2, Cr1�Co1, Cr1-Ni1, Co2-Co3, Co3-
Ni2 and Ni2�Ni3). As shown, the spin-up DOS of Cr1 atom is splitted
into two peaks: one is located in the right of Fermi level (EFermi), and
the other is located very near to EFermi. Different from Cr1, the spin-
up DOS of Cr2 atom shows only one peak in the right of EFermi. The
difference in LDOS between adjacent Cr atoms could be attributed to
the dissimilarity in the local environments. For example, the Cr2
atom is also a nearest neighbor of Ni1 atom, so that DOS of Cr2 is
much affected by the extended electronic states of Ni1, as shown in
the Cr2-Ni1 DOSs in Fig. 7b (left middle panel). Moreover, the distinct
DOS peaks of Cr1 atom indicate a localized electronic behavior, which
tends to form covalent bonding with other atoms. The charge density
(Fig. 7a) between Cr1 and Cr2 are much lower than that of Cr1-Co1
Fig. 7. (a) Total charge densities on a (010) plane, and (b) the LDOS for the selected
nearest neighbor atoms in the undeformed CrCoNi MEA.
and Cr2-Ni1, suggesting that the bonding of Cr1-Cr2 are much
weaker than that of the Cr1-Co1 and Cr2-Ni1 bonding. Note that the
shapes of the DOS curves are highly overlap for the Co-Co, Co-Ni and
Ni-Ni bonding, all of which indicate metallic bonding nature. The
metallic nature of the bonding is usually associated with coordinated
deformation behavior. Whereas the Cr-atom-rich region with direc-
tional covalent bonding nature would cause nonuniform deformation
and thus stress concentration appears. Thereafter, the weak Cr-Cr
bonding would be compressed severely which finally leads to the for-
mation of bcc-like defects. Finally, it is interesting to note that the
spin-up and spin-down DOSs of Cr and Co atoms vary significantly
based on different positions. It may indicate that the magnetism
effect due to different local chemical environment also play a signifi-
cant role in the deformation of such chemically complex alloys [91].

In summary, the localized, directional bonding between Cr atoms
imply a poor deformation compatibility, which may induce possible
stress concentration during loading. While the weak bonding
between Cr atoms inferred by the low charge density suggest a rela-
tively low load-bearing capacity that promotes local structure col-
lapse under stress. After which, formation of bcc defect cluster is
possible, which serves as a precusor for partial dislocation nucleation.
Actually, the localized electronic behavior of Cr atom is partly respon-
sible for the weak bonding between Cr atoms. The localized elec-
tronic behavior, directional bonding and weak bonding of Cr atoms
jointly promote the local structural transformation of Cr atoms and
the following associated dislocation nucleation.

3.5. Role of local chemical order

Recall that some specific chemical bonds are preferred than others
and affect the deformation behaviors in the generic chemically com-
plex alloys, etc., MEAs and HEAs. Our MD and DFT results strongly
suggest that the weak Cr-Cr bonding originates from its localized
electronic behaviors. The electronic localization also motivates the
formation of bcc-like defect cluster, and thus facilitates the nucle-
ation of dislocation (or SF) in CrCoNi. Therefore one may expect that
the LCO associated with Cr-Cr pairs would affect the mechanical
behavior of the CrCoNi MEA. In order to test the assumption, we per-
form extra MD compression tests on CrCoNi MEAs with different
level of LCO, but the same chemical ratio 1:1:1. In consideration of
the fact that stress drops more slowly with a finite slope at relatively
higher strain rates after yielding, a higher strain rate of 1010/s are
used in the extra MD compression tests to the stress-strain behaviors
during incipient plasticity stage of the samples with different local
chemical order. There is a positive strain rate sensitivity, which leads
to increased nucleation stress for dislocations. In this circumstance,
the dislocation nucleation behaviors are more localized, which yields
smaller value of activation volume as rationalized by the stress-
dependent activation enthalpy shown in Fig. 3. Therefore, direction
MD simulations and NEB calculations of dislocation nucleation render
the same scenario on the stress dependence, which is critical for
understanding the low strain rate conditions used in a real mechani-
cal experiment.

Fig. 8 shows the stress-strain curves of these MEAs. Overall, all the
samples possess a similar stress-strain behavior as described for RSS
samples in Fig. 1 and Fig. S1. Nevertheless, there are many specific
differences among these samples. For example, the low Cr sample
(22%Cr) exhibits the highest elastic modulus (the slope of the linear
elastic region) of 133 GPa, which is »3 times of the high Cr sample
(44%Cr, 44 GPa), and »1.5 times of RSS sample (medium Cr of 33.33%,
90 GPa). Similarly, the yield strength shows the same trend with elas-
tic modulus in an order of low Cr > RSS (medium Cr) > high Cr. The
trend in modulus and strength supports the conclusion of relatively
weak Cr-Cr bond as demonstrated in the electronic structure analysis,
as shown in Figs. 6 and 7. It also suggests that the Cr content plays a
crucial role in the mechanical property, just as it does to the physical



Fig. 8. (a) MD stress-strain curves of CrCoNi samples with different level of local chemical orders. (b) Dependency of DFT yield strength and the slope of stress drop after yielding on
the ratio of Cr-Cr pairs. The solid lines are served as guide for the eyes.
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properties [92]. Similar trend also reported in FeNiCr MEA, in which
shear strength at 0 K is decrease with increasing Cr content [36]. In
addition to Cr content, the mechanical properties are also signifi-
cantly altered by the pair distribution i.e., LCO of the samples. The
presence of the preferential chemical order results in an increase of
the yield strength when moving from the absolute RSS to the alloyed
L12 structures, as shown in Fig. 8a. The result is consistent well with
the recent experimental observation which reveals that the LCO and
thus the strength can be tailored through aging [42]. Careful observa-
tions also reveal that the stress relaxation (stress drop) average slope
between the upper yield point and the lower yield point (the dashed
regions of stress-strain curves shown in Fig. 8a), which represents
the roughness of MEP for dislocation nucleation and thus incipient
plasticity, varies strongly with the Cr content and the LCO.

The essential distinction between the samples with higher degree of
LCO and RSS configurations is the distribution of the chemical bond-
ings, i.e., random distribution or biased bonding. Therefore, the effect of
LCO on the properties is largely dependent on the nature and spatial
distribution of some special chemical pairs. For example, Li et al. found
that the SFE is more closely related to the degree of Co-Cr chemical
order and suggested a stronger effect of dislocation pinning in the Co-
Cr rich region [44]. Similarly, our results show a remarkable linear cor-
relation between the proportion of Cr-Cr pair in the alloy and the stress
drop slope of the stress-strain curve as well as the yield strength, as
plotted in Fig. 8b. The yield strength is inversely proportional to the
number of Cr-Cr pair. In general, the strength of a material is deter-
mined by the weak part rather than the stronger one. The increase of
weak Cr-Cr pairs leads to increased soft regions, which are apt to expe-
rience nonuniform deformation and even failure. Fig. 8b also shows a
proportional relationship between the stress drop slope and the pro-
portion of Cr-Cr pairs. This result is consistent well with the assumption
that the nucleation of dislocation, i.e., incipient plasticity of single crys-
talline CrCoNi alloy, is assisted by the nanoscale bcc-like defect cluster,
the formation of which is associated with collapse of Cr-Cr bonding.

4. Conclusions

We have studied the incipient plasticity behaviors in a chemically
complex CrCoNi MEA by the combined MD simulations and DFT cal-
culations. The MEP calculated by FENEB reveals a nanoscale bcc-like
defect cluster mediated dislocation nucleation mechanism, which
give a reasonable nucleation rate comparable to a typical laboratory
experiments (time scale of seconds to hours) at room temperature.
This nucleation mechanism is confirmed by DFT compression test on
a RSS CrCoNi alloy based on a SQS supercell. The small activation vol-
umes for dislocation nucleation imply enhanced strain rate and tem-
perature sensitivity in contrast with dislocation nucleation in
conventional metals, which is also in agreement with recent experi-
mental observations.

The local bcc-like defect cluster is preferentially generated on Cr
atoms, accompanied by dramatic contraction of Cr-Cr bonding. DFT
calculations reveal a localized electronic behavior of Cr atoms and a
weak Cr-Cr bonding, which facilitates the formation of nanoscale
bcc-like defects served as a precursor for the homogeneous disloca-
tion nucleation. Further MD compressive tests on several specifically
designed CrCoNi alloys with different level of LCO reveal interesting
correlation between mechanical property and LCO. The yield strength
is found to be inversely proportional to the fraction of Cr-Cr pairs.
However, the slope of stress drop after yielding, which may reflect
the roughness of dislocation nucleation pathway, increases with
increasing Cr-Cr pairs. The atomistic and electronic level insights
obtained here is informative to a concrete understanding of the
unique dislocation nucleation mechanism and incipient plasticity in
the generic chemically complex alloys. The proposed correlation
between mechanical property and LCO should benefit material
designs in the recently emerging and promising high-entropy and
medium-entropy alloys.
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