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Extraordinary mechanical properties can be achieved in high-entropy alloys (HEAs) or
medium-entropy alloys (MEAs) with nanoprecipitates. In the present study, the extra
coupled strengthening effects by lattice distortion, local chemical ordering, and
nanoprecipitates in the HEAs and MEAs with nanoprecipitates have been
systematically investigated by large-scale molecular dynamics simulations. The moving
of the dislocation can be slowed down, and the dislocation line shows a wavy configuration
due to lattice distortion and local chemical ordering, resulting in strengthening. The degree
of the wavy configuration increases and the sliding velocity of the dislocation decreases
with increasing degrees of local chemical ordering. It is clearly indicated that the dislocation
moves via nanoscale segment detrapping mechanism due to the effects of lattice distortion
and local chemical ordering, resulting in roughened dislocation pathways for
strengthening. The activated nanoscale segments are observed to be easier to detrap
from the regions with stronger Co-Cr local chemical ordering and then propagate into the
regions without such chemical ordering. These moving characteristics of the dislocation
can delay the unpinning process from nanoprecipitates; thus, extra coupled strengthening
effect has been revealed in the HEAs and MEAs with nanoprecipitates compared to pure
Orowan’s strengthening.

Keywords: high-entropy alloys, lattice distortion, local chemical ordering, precipitation, strengthening mechanisms,
molecular dynamics simulations

INTRODUCTION

High-entropy alloys (HEAs) (Yeh et al., 2004; Cantor et al., 2004; Gludovatz et al., 2014; Schuh et al.,
2015; George et al., 2020; LaRosa et al., 2019; Li et al., 2016; Lei et al., 2018; Jo et al., 2017; George et al.,
2019; Shi et al.,, 2019) and/or medium-entropy alloys (MEAs) (Gludovatz et al., 2016; Miao et al.,
2017; Yang M. et al., 2018a; Ma et al,, 2018; Yang M. et al., 2019a; Wu et al., 2020; Sohn et al., 2019;
Slone et al,, 2019; Ding et al., 2018) are solid solution alloys consisting of three or more elements
generally with equal atomic fraction. These HEAs and MEAs are generally single-phase materials and
have high yield and ultimate strengths (Yeh et al., 2004; Cantor et al., 2004; Gludovatz et al., 2014;
Schuh et al,, 2015; George et al., 2020; LaRosa et al., 2019; Gludovatz et al., 2016; Miao et al., 2017;
Yang T. et al, 2018b; Ma et al.,, 2018; Yang T. et al.,, 2019b; Wu et al., 2020; Sohn et al., 2019).
Moreover, recently fabricated fcc HEAs and MEAs, such as FeCrMnCoNi HEA (Yeh et al,, 2004;
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Cantor et al., 2004; Gludovatz et al., 2014; Schuh et al., 2015) and
CoCrNi MEA (Gludovatz et al.,, 2016; Miao et al., 2017; Yang M.
et al., 2018a; Ma et al,, 2018; Yang M. et al, 2019a; Wu et al,,
2020), can have high tensile ductility and exceptional fracture
toughness and can have even better tensile and fracture properties
at cryogenic temperature than at room temperature due to a
transition of the dominant deformation mechanism from
dislocation slip to deformation twinning (Gludovatz et al,
2014; Gludovatz et al., 2016).

Second-phase intermetallic compounds (IMCs) can generally
enhance the yield strength of alloys, while the ductility in such
alloys is diminished due to the localized strain concentration and
the triggered microcracks around the brittle atomically ordered
structures of IMCs (Gutierrez-Urrutia and Raabe, 2013; Kim
etal., 2015). Coherent nanoprecipitates have been proven to be an
effective strategy to achieve excellent synergy of strength and
ductility in alloys (Jiang et al., 2017; Peng et al., 2020), and such
microstructure design has been successfully applied in HEAs and
MEAs recently to evade the strength-ductility dilemma (Yang T.
et al., 2018b; Liang et al.,, 2018; Yang T. et al., 2019b; Ma et al,,
2019; Tongetal., 2019; Du et al., 2020). For example, 3 at% Al and
3 at% Ti were added to a CoCrNi-based MEA to form fully
coherent L12 precipitates, resulting in a yield strength of
~2.0 GPa and a uniform elongation of ~13% (Du et al.,, 2020).
These coherent nanoprecipitates can minimize the elastic misfit
strain of interfaces and relieve the stress/strain concentration
during deformation and, at the same time, can provide Orowan-
like hardening to enhance ductility in HEAs and MEAs.

The observed excellent mechanical properties in HEAs and
MEAs can partly be attributed to the solid solution strengthening.
Solid solution strengthening traditionally stems from the
interaction of lattice dislocations with solutes (Varvenne et al.,
2017; Labusch et al,, 1972). The dislocation/solute interaction
energy is typically high due to the distorted lattice by atomic size
misfit and the more specific chemical core contributions
(Varvenne et al, 2017; Labusch et al., 1972). The former
factor can result in the interaction of the elastic stress field of
dislocations with the strain field around the solute, while the latter
factor can result in the different bonding environments within the
stacking fault (SF) regions and the dislocation cores. Thus, the
gliding of dislocations can be hindered by such interactions,
requiring higher resolved shear stress for further plastic
deformation. The traditional solid solution strengthening
models (Varvenne et al., 2017; Labusch et al, 1972) were
developed with an assumption of dilute alloys, while this
assumption is clearly not valid any more in the case of HEAs
and MEAs, where the definitions of solute and solvent break
down (Okamoto et al., 2016; Varvenne et al., 2016a; Coury et al.,
2019; Zhao and Nieh, 2017). Moreover, the models for solid
solution strengthening were generally based on an assumption of
a random distribution of atoms in the alloy, while more recently,
chemical short-range order (CSRO) (Zhang et al.,, 2017; Li et al.,
2019; Zhang et al., 2018; Zhang et al., 2020; Fantin et al., 2020;
Varvenne et al., 2016b; Sadigh et al., 2012; Kostiuchenko et al.,
2020) and local composition fluctuation (Jian et al., 2020) have
also been found to play important roles in the mechanical
behaviors of HEAs and MEAs. The local chemical structure/
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ordering and the local composition fluctuation can be
experimentally characterized by extended X-ray absorption
fine structure (EXAFS) techniques (Varvenne et al., 2016a;
Zhang et al, 2017) and atomic resolution energy-dispersive
X-ray spectroscopy (EDS) mapping using aberration-corrected
TEM (Kostiuchenko et al., 2020; Zhang et al., 2020). The effects of
local chemical ordering and local composition fluctuation on the
solid solution strengthening have also be examined by molecular
dynamics (MD) simulations in a few recent studies (Sadigh et al.,
2012; Rao et al., 2017a; Ding et al., 2019; Li et al., 2019; Jian et al,,
2020; Chen et al., 2021).

In the conventional alloy with nanoprecipitates, the elevated
strengthening/hardening can be obtained by pinning dislocations
at nanoparticles, the so-called Orowan’s strengthening/
hardening. In the HEAs and MEAs without nanoprecipitates,
the elevated strengthening/hardening can also be achieved by
local chemical ordering. In HEAs and MEAs with
nanoprecipitates, nanoprecipitates and local chemical ordering
should both contribute to the strengthening/hardening.
Moreover, these two strengthening effects might be coupled,
and extra strengthening/hardening could be obtained due to
this coupled effect, while the deformation mechanisms for this
possible coupled effect are still unclear. In this regard, large-scale
MD simulations have been conducted in the present study to
investigate the a/2 < 110> edge dislocation sliding behaviors in a
CoCrNi MEA with a wide variety of local chemical ordering and
with/without nanoprecipitates. For the samples with
nanoprecipitates, the coupled strengthening/hardening effects
by nanoprecipitates and local chemical ordering can be
considered.

SIMULATION TECHNIQUES

Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS, Plimpton, 1995) code has been utilized to perform
the MD simulations and uncover the atomistic deformation
mechanisms for the coupled strengthening/hardening in the
CoCrNi MEA with a wide variety of local chemical ordering
and with nanoprecipitates. The force reactions between atoms for
the CoCrNi MEA were calculated by a regular EAM potential
developed by Li et al. (Li et al., 2019) and an A-atom potential
developed by Sadigh et al. (Sadigh et al, 2012). The A-atom
potential—a hypothetical interatomic potential in pure
metals—provides a mean-field representation of the three
elements and ignores the effects of lattice distortion and local
chemical ordering. For the samples without nanoprecipitates, the
A-atom potential (Sadigh et al., 2012) was used to differentiate
and identify the effects of lattice distortion and local chemical
ordering on the strengthening/hardening, besides the regular
EAM potential. The A-atom (average-atom) potential provides
a mean-field representation of HEAs and MEAs, by
approximating the interaction between any two constituent
elements as a weighted average; thus, the lattice distortion
effect can be eliminated by using the A-atom potential. Thus,
for a sample with random distributions of elements, the
simulations with the A-atom potential and the regular
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FIGURE 1 | (A) Configuration for shear deformation on simulation cell with a straight a/2 < 110> edge dislocation and without nanoprecipitates. (B) Configuration
for shear deformation on simulation cell with a straight a/2 < 110> edge dislocation and with nanoprecipitates. (C) The parameters of local chemical ordering for various
pairs for the samples annealed at three different temperatures. (D) (E) (F) The typical atomic configurations with the detailed element distributions for the samples
annealed at three different temperatures (Ta, 450, 950, 1600 K), in which the Ni atoms are colored in red, the Co atoms are colored in blue, and the Cr atoms are

colored in yellow.

potential can identify the effect of lattice distortion on the
strengthening/hardening. The effect of local chemical ordering
on the strengthening/hardening can be simulated by using the
regular potential and various samples with different degrees of
local chemical ordering.

The equilibrium configurations with various degrees of local
chemical ordering annealed at different temperatures (Ta, 450,
950, 1600 K) were obtained using the hybrid MD and Monte
Carlo (MC) simulations under the variance-constrained semi-
grand-canonical ensemble, and the other details about the hybrid
MD and MC simulations can be referred to the previous research
(Li et al., 2019).

In order to investigate the strengthening mechanisms, an a/2 <
110> edge dislocation, with line direction parallel to Z direction,
was created using the continuum displacement field (Rao et al.,
2017b) in the center of the simulation cells with the single crystal
(bounded by [110], [111], and [112] faces in the X, Y, and Z
directions, respectively, Figure 1A) and with various degrees of
local chemical ordering created by the aforementioned hybrid
MD and MC simulations. The cell sizes were 110.96 x 12.40 x
41.72 nm’ (approximately 5.06 million atoms) for the CoCrNi
MEA samples. The size of the cells in the X direction is selected to
be large enough, giving enough time for dislocation movement
without interacting with boundaries. The size of the cells in the Z
direction (along the dislocation line) is also selected to be large
enough to capture the characteristic length of roughed dislocation
line and also to be large enough as compared to the characteristic
length of local chemical ordering. The samples with
nanoprecipitates were created by setting two spherical regions
at specific positions as the rigid body, as shown in Figure 1B. The

size of nanoprecipitates is 6nm, and the interspacing of
nanoprecipitates is 41.72nm due to the periodic boundary
condition along the Z direction. The projected distance along
the X direction from the center of the nanoprecipitates to the
center of the cells is 5nm. The free boundary condition was
imposed in the X direction, while the Z direction was set to be
periodic. The position of the nanoprecipitate (the projected
distance to the center of cells along the X direction), the size,
and interspacing of nanoprecipitates definitely have strong
influences on the strengthening effects. While the current
research focuses on the coupled strengthening effects of lattice
distortion, local chemical ordering, and nanoprecipitates, these
effects of distance, size, and interspacing on the strengthening are
excluded by keeping the same distance, size, and interspacing for
various cells. Moreover, the nanoprecipitate is placed near the
central position in order to make sure that the dislocation can
bow out the nanoprecipitate completely before the leading parts
of the dislocation touch the right boundary. Two thin rigid blocks
with thickness of about 1nm in the Y direction (upper and
downer) were used as boundary planes for applying shear
displacement, while the rest atoms were set to be mobile. The
as-created samples were first fully relaxed under both the pressure
0 bar (along the Z direction) and the desired temperature (77 K)
using the NPT ensemble prior to shear loading.

The shear strain was applied by subjecting the atoms in the
upper and lower rigid blocks to a constant velocity (5.54 x
107> m/s) in the X direction, giving a shearing strain rate of 1 x
107/s and driving the dislocation for gliding toward the right side.
In order to visualize the movement of the edge dislocation, the
atoms were colored based on common neighbor analysis (CNA),
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FIGURE 2 | (A) Simulated shear stressstrain curves for the samples with various degrees of local chemical ordering and for the sample simulated by the A-atom
potential (without nanoprecipitates). (B) The reference shear stress for the edge dislocation moving with a displacement of 2 nm as a function of the degree of local
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in which gray color is for fcc atoms, red color is for hcp atoms
(SF), and green color is for dislocation cores and free
boundary atoms.

RESULTS AND DISCUSSIONS

Figure 1C shows the local chemical ordering for samples
annealed at three different temperatures (Ta, 450, 950,
1600 K), with local chemical ordering characterized by the
pairwise ~multicomponent short-range order parameter
(Antillon et al, 2019; de Fontaine, 1971). Here, only the first
nearest-neighbor shell of the central atom is considered, since
these parameters should play the most important role in the
dislocation movement. As indicated in Figure 1C, the absolute
values of ‘xll\li—Ni’ 6rll\li—Co’ “Il\li—Cr’ ‘xéo—Co’ “ICO—Cr’ and ‘x%:r—Cr for
various pairs increase with decreasing annealing temperatures.
These parameters represent the pairwise multicomponent short-
range order parameter: ocilj = ( p}j - Cj)/(8;; — Cj), where pilj is
the average probability for finding a j-type atom around i-type
atom in the first shell, C; is the average concentration of j-type
atom in the system, and &y is the Kronecker delta function.
Moreover, “lcO-cr and “lcr—(:r are negative values. Figures 1D-F
display the typical atomic configurations with the detailed
element distributions for the samples annealed at three
different temperatures (Ta, 450, 950, 1600 K). It is shown that
the sample annealed at 1600 K shows a relatively random
distribution of three elements, although a very weak trend for
Ni clusters and interconnected Co-Cr clusters is observed. This
means that only a very weak degree of local chemical ordering
exists in the sample annealed at 1600 K. While with decreasing
annealing temperature, dramatic local chemical ordering creates
distinguishable nanoscale Ni domains and Co-Cr domains.
Previous reports by EXAFS (Zhang et al, 2017) and MD
simulations (Li et al., 2019) have also indicated that nanoscale
Ni clusters could be formed, and the Cr atoms have a tendency to
bond with Ni and Co atoms, instead of forming clusters by
themselves. These observations suggest that the model CoCrNi
system develops local Ni segregation and Co-Cr ordering, and the
degree of local chemical ordering increases with decreasing

annealing temperatures. It should be noted that the so-called
local chemical ordering by these Ni clusters and Co-Cr clusters in
the present study is very different from the CSRO for the VCoNi
MEA in our recent study (Kostiuchenko et al., 2020), in which a
repeating CSRO pattern across several neighboring atomic layers
along the [311] direction is observed: Co(Ni)-enriched/
V-enriched/Co(Ni)-enriched/V-enriched.

For the samples without nanoprecipitates, the simulated shear
stressstrain curves for the samples with various degrees of local
chemical ordering and for the sample simulated by the A-atom
potential are displayed in Figure 2A, in which the points for the
edge dislocation moving with a displacement of 2 nm are marked
by circles. For a carefully designed model with one edge
dislocation in single crystal (in our case), the initial dislocation
density is low, and no GBs are presented; thus, the shear stress
should be only related to three parts: the first one is “intrinsic”
lattice friction stress (7gr), the second one is the strengthening
due to the lattice distortion (71p), and the last one is the
strengthening due to the local chemical ordering (71co). Here,
Tpr is generally with a small magnitude and can be ignored for
MEAs with severe lattice distortion and local chemical ordering.
Thus, the reference shear stress for the edge dislocation moving
with a displacement of 2 nm (when the leading partial dislocation
touches the nanoprecipitate, this reference shear stress will be
compared with the unpinning stress for the samples with
nanoprecipitates) is plotted as a function of the degree of local
chemical ordering in Figure 2B, in which the degree of local
chemical ordering is represented by the values of a}; ;. A small
degree of local chemical ordering should exist even the samples
are created by random functions; thus, the samples with zero
degree of local chemical ordering are hardly obtained. Thus, a
linear fitting is applied to the three data points for the samples
annealed at three different temperatures (Ta, 450, 950, 1600 K) in
Figure 2B, and this linear fitting line is extended to intercept with
the ordinate. The intercepting point can be considered to be the
strengthening by lattice distortion only (zero degree of local
chemical ordering). The magnitude of lattice distortion can be
quantified by the full width at half maximum (FWHM) for the
radial distribution functions. The lattice distortion would
contribute to the expansion of the FWHM, and larger lattice
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distortion leads to broader FWHW (Jian et al., 2020). As
discussed earlier, both the local chemical ordering and the
lattice distortion are not existing in the sample simulated by
the A-atom potential. Thus, the difference of the reference shear
stresses in Figure 2B for the intercepting point and for the sample
simulated by the A-atom potential can approximately be
considered as the strengthening effect of the lattice distortion.
Moreover, the difference in the measured shear stresses among
the samples annealed at different temperatures (Ta, 450, 950,
1600 K) can be considered as the strengthening effect of the local
chemical ordering. It is indicated that both the lattice distortion
and the local chemical ordering have influences on the
strengthening, while the lattice distortion has a stronger
impact on strengthening than local chemical ordering. Of
course, the parameter of lattice distortion is dependent on the
degree of local chemical ordering, and completely distinguishing
the contributions from these two factors is a difficult task.
Moreover, the reference shear stress increases with an
increasing degree of the local chemical ordering.

For the samples without nanoprecipitates, Figures 3A-C show
the configurations and the movements of the edge dislocation at
various applied shear strains for the sample simulated by the
A-atom potential and for the samples annealed at 1,600 and
450 K, respectively. After relaxation, the as-created full edge
dislocation displays a classical Shockley partial splitting along
the dislocation core, that is, two partial dislocations separated by
an SF. The average dissociation widths after relaxation for the
samples annealed at 450 and 1600 K are observed to be smaller
than those for the sample simulated by the A-atom potential. This
observation indicates that the local chemical ordering can tune
the local SF energy (SFE) for CoCrNi MEA, which is consistent
with the previously reported results (Ding et al., 2018). As shown,
the leading and trailing partials keep almost straight in the sample
simulated by the A-atom potential after relaxation and during the
movement of the dislocation, although the average dissociation
width of SF changes under the shear stress during the movement.

However, there are obvious fluctuations in the Shockley partial
splitting widths along the dislocation line in the samples annealed
at 450 and 1600 K after relaxation and during the movement of
the dislocation, that is, the SF width varies along the
dislocation line.

Moreover, the leading and trailing partial dislocation lines
show the wavy configurations for the samples annealed at 450 and
1600 K. The fluctuations in SF width and the wavy configurations
along the dislocation lines for the samples annealed at 450 and
1600 K can be attributed to the local chemical ordering, which
results in roughened dislocation pathways for extra strengthening
(Li et al, 2019). It is also observed that the shape of the wavy
configuration for the dislocation line changes during the shear
loading and during the movement of the edge dislocation for the
samples annealed at 450 and 1600 K, which means that the sliding
velocity is not uniform along the dislocation line during the shear
loading and the gliding velocities for each segment on the
dislocation line change significantly with time. It is interesting
to note that some portion of the dislocation line moves faster than
the other parts of the dislocation line under the applied shear
strains, resulting in a roughened dislocation pathway in the
samples annealed at 450 and 1600 K. The leading and trailing
partial dislocations exhibit nanoscale curvatures along the
dislocation line, leading to wavy dislocation lines and rugged
SF ribbons.

In order to illustrate the degree of the wavy configurations, the
normalized standard deviation of the local displacement in the
leading partial dislocation as a function of the applied shear strain
is plotted in Figure 4A for the sample simulated by the A-atom
potential and for the samples annealed at 450 and 1600 K. In
sharp contrast to the straight dislocation line (almost zero
normalized standard deviation) for the sample simulated by
the A-atom potential, it is clearly indicated that the degree of
the wavy configurations is much larger for the sample simulated
by the regular potential and increases with increasing degrees of
local chemical ordering. At each time, the displacement is
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averaged along the dislocation line, and the averaged
displacements for the leading partial dislocation are plotted as
a function of shear strain for all samples in Figure 4B. It is
observed that the slopes of these curves become larger and larger
with increasing shear strain/time, which means that the gliding
velocities become faster and faster with increasing applied shear
strain. Previous research (Yuan and Wu, 2015; Peng et al., 2019)
has also indicated that the dislocation gliding speed shows a
strain/stress dependence for the same material, and the
dislocation moves faster at higher strain/stress and can even

move supersonically (i.e., at or over the speed of shear wave
velocity) at ultrahigh applied strain/stress. It is indicated that the
lattice distortion and the local chemical ordering have a
significant impact on the moving velocity of the edge
dislocation. The average moving velocity of the edge
dislocation from the center to the right side of the simulated
cell is estimated to be about 166.67 m/s for the sample simulated
by the A-atom potential and be about 32.05 m/s, 26.04 m/s, and
23.81 m/s for the samples annealed at 1,600, 950, 450K,
respectively. The moving of the dislocations can be slowed
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down by the lattice distortion and the local chemical ordering,
resulting in strengthening. Moreover, the average sliding velocity
of the samples decreases with increasing degrees of local chemical
ordering.

The motion characteristics of carrying plastic flow for the
dislocation in the sample annealed at 450K (without
nanoprecipitates) are shown in Figure 5A. The long segment
of the leading partial dislocation is considered, and a series of
snapshots of the evolving dislocation line for gliding in the lattice
are displayed in Figure 5A, in which the swept areas between two
neighboring snapshots are highlighted in blue color. It is clearly
indicated that the dislocation moves via nanoscale segment
detrapping mechanism. Due to the varying moving velocity in
different portions along the dislocation line, the dislocation line
tends to bow out in soft regions and get trapped at hard regions
acting as obstacle segments. Thus, the dislocation in the samples
with local chemical ordering moves via a series of forward gliding
of local nanoscale segments, and these segments move one at a
time in an intermittent manner (i.e., one after another locally on
the dislocation line), which is in sharp contrast with the sample
simulated by the A-atom potential where the dislocation line
moves smoothly by simultaneously propagating a long straight
dislocation line. The correlation between nanoscale segment
detrapping events and spatial deviations from local chemical
ordering is displayed in Figure 5B. In Figure 5B, the swept

areas of the activated nanoscale segments are marked by green
lines, and the atoms are colored according to the oclc(,_Cr, and
darker color means stronger Co-Cr local ordering (more negative
ag, ). It is interesting to note that the activated nanoscale
segments seen in Figure 5A are observed to likely detrap from
some of the local hard regions having stronger Co-Cr local
chemical ordering and then propagate to the regions without
such local chemical ordering. These moving characteristics for
the samples with local chemical ordering and lattice distortion
can result in the extra strengthening, which is very similar to the
pinning strengthening by weak nanoparticles.

The simulated shear stress—strain curves for various samples
with and without nanoprecipitates are shown in Figure 6A. In
these curves, the points when the moving leading partial
dislocation for the samples without nanoprecipitates reaches a
displacement of 2 nm are marked by circles. It is interesting to
note that the shear stressstrain curves for the samples without
nanoprecipitates coincide very well with the corresponding
samples with nanoprecipitates before the moving leading
partial dislocation encounters the nanoprecipitate (at a
displacement of 2nm). However, the samples with
nanoprecipitates display extra strengthening after the touching
points, compared to the corresponding samples without
nanoprecipitates. Moreover, the shear stress for the samples
with nanoprecipitates reaches a maximum value and drops
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FIGURE 7 | Snapshots at various applied shear strains for the configuration and the movement of the edge dislocation in (A) the sample with nanoprecipitates
simulated by the A-atom potential; (B) the sample with nanoprecipitates annealed at 1600 K; (C) the sample with nanoprecipitates annealed at 450 K.

afterward due to the unpinning of the moving leading partial
dislocation from the nanoprecipitate. These unpinning points are
marked by squares in Figure 6A. Thus, the shear stress of the
samples without nanoprecipitates for the toughing points and the
shear stress of the samples with nanoprecipitates for the
unpinning points are plotted as a function of the degree of
local chemical ordering in Figure 6B, and the difference for
these two critical shear stress can be considered for the extra
strengthening by nanoprecipitates for various samples.

Then, the strength difference between the samples with
nanoprecipitates and the corresponding samples without
nanoprecipitates in Figure 6B is plotted as a function of the
degree of local chemical ordering in Figure 6C. For the sample
simulated by the A-atom potential, lattice distortion and local
chemical ordering are not considered; thus, the strength
difference (190.48 MPa) can be considered as the pure
strengthening effect from the nanoprecipitates (pure Orowan’s
strengthening). While the strength difference (229.47 MPa) for
the sample annealed at 1600 K should be considered as the
coupled strengthening effect from both the nanoprecipitates,
the lattice distortion and the small degree of local chemical
ordering, this coupled effect has an extra strengthening of
3899 MPa  besides pure Orowan’s strengthening of
190.48 MPa. The strength difference for the samples annealed
at 950 and 450K is 405.57 and 472.3 MPa, respectively. This
indicates an extra coupled strengthening effect from both the
nanoprecipitates and the local chemical ordering, and this extra
coupled strengthening effect is 176.1, 242.83 MPa for the samples
annealed at 950 and 450 K, respectively. It can be concluded that
this extra coupled strengthening effect increases with an
increasing degree of the local chemical ordering.

For the samples with nanoprecipitates, Figures 7A-C show
the configurations and the movements of the edge dislocation at
various applied shear strains for the sample simulated by the
A-atom potential and for the samples annealed at 1,600 and
450 K, respectively. The snapshots at the unpinning points are

also indicated in Figure 7. It is observed that the curvature of the
leading partial dislocation at the unpinning points is very similar
for all three samples. While the leading partial dislocation line is
smooth for the sample simulated by the A-atom potential, the
leading partial dislocation line shows ragged features for the two
samples simulated by the regular potential. These ragged features
are due to the nanoscale segment detrapping mechanism, which
can slow down the dislocation sliding for strengthening. It is also
interesting to note that both the lattice distortion and the local
chemical ordering have a significant influence on the critical
shear strain for the unpinning.

At each time, the displacement is averaged along the dislocation
line, and the averaged displacements for the leading partial
dislocation are plotted as a function of shear strain for all
samples with nanoprecipitates in Figure 8A. The comparisons
of the average displacements for the leading partial dislocation as a
function of the shear strain for the samples with or without
nanoprecipitates are displayed in Figures 8C-F. It is shown
that the nanoprecipitates can significantly slow down the sliding
of the edge dislocation, resulting in strengthening. Moreover, the
normalized velocity decrement between the samples without
nanoprecipitates until reaching a displacement of 2 nm and the
samples with nanoprecipitates until unpinning from
nanoprecipitates is plotted as a function of the degree of local
chemical ordering in Figure 8B. As indicated, the normalized
velocity decrement is smallest for the sample simulated by the
A-atom potential and increases with an increasing degree of local
chemical ordering. These observations indicate that the lattice
distortion and the nanoprecipitates have a coupled effect on
slowing down the sliding of the edge dislocation. The local
chemical ordering and the nanoprecipitates also have coupled
effects on slowing down the sliding of the edge dislocation, and
this coupled effect increases with an increasing degree of local
chemical ordering. Thus, these coupled effects on slowing down the
sliding of the edge dislocation should be one of the origins for the
coupled strengthening.
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In order to illustrate the possible atomistic mechanisms for the
coupled effects on slowing down the sliding of the edge
dislocation, snapshots at varying shear strains showing both
processes of nanoscale segment detrapping and unpinning
from the nanoprecipitate for the sample annealed at 450 K are
shown in Figure 9A. In Figure 9A, the swept areas between two
neighboring snapshots are highlighted in blue color. During the
unpinning process from the nanoprecipitate, the leading partial
dislocation is also observed to propagate via a series of forward
gliding of local segments with nanoscale, and these segments are
also found to move one at a time in an intermittent manner. Thus,
the unpinning process from the nanoprecipitate is significantly
delayed by these moving characteristics of nanoscale segment
detrapping mechanism, resulting in coupled extra strengthening.
For the unpinning process from the nanoprecipitate for the
sample annealed at 450K (with nanoprecipitates), the
correlation between nanoscale segment detrapping events and
spatial deviations from local chemical ordering is shown in
Figure 9B. In Figure 9B, the swept areas of the activated
nanoscale segments are also marked by green lines, and the
atoms are also colored according to the value of al, .
Similar to the correlation for the corresponding sample
without nanoprecipitates, the activated nanoscale segments
seen in Figure 9B are also observed to likely detrap from
some of the local hard regions having stronger Co-Cr local
chemical ordering and then propagate to the regions without
such local chemical ordering. Thus, the unpinning process from

the nanoprecipitate is observed to be significantly delayed by
these moving characteristics, resulting in extra coupled
strengthening.

SUMMARY AND CONCLUDING REMARKS

High strength and strong strain hardening can be achieved in
HEAs or MEAs with nanoprecipitates due to the effects of lattice
distortion, local chemical ordering, and precipitation hardening.
In the present study, large-scale molecular dynamics simulations
have been utilized to investigate and reveal the extra coupled
strengthening effects and the corresponding atomistic
deformation mechanisms by lattice distortion, local chemical
ordering, and nanoprecipitates. The main findings can be
summarized as follows:

Both the lattice distortion and the local chemical ordering have
impacts on the strengthening, while the lattice distortion has a
stronger influence on the strengthening than the local chemical
ordering. Moreover, a higher degree of the local chemical
ordering results in higher strengthening. The moving of the
dislocation can be slowed down, and the dislocation lines
show the wavy configuration due to the lattice distortion and
the local chemical ordering, resulting in strengthening. Moreover,
the average sliding velocity of the dislocation is found to decrease,
and the degree of the wavy configuration is observed to increase
with an increasing degree of local chemical ordering.
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FIGURE 9 | Dislocation motion via nanoscale segment detrapping mechanism for the sample annealed at 450 K (with nanoprecipitates). (A) Snapshots at varying
shear strains showing nanoscale segment detrapping process, in which the swept areas between two neighboring snapshots are highlighted in blue color. (B)
Correlation between nanoscale segment detrapping events and spatial deviations from local chemical ordering for the sample annealed at 450 K (with nanoprecipitates).

The dislocation in the samples with local chemical ordering Compared to pure Orowan’s strengthening, the extra coupled
and lattice distortion moves via a series of forward gliding oflocal ~ strengthening effect can be induced by lattice distortion, local
nanoscale segments, and these segments move one ata timeinan  chemical ordering, and nanoprecipitates, and this extra coupled
intermittent manner, which is in sharp contrast with the sample  strengthening effect increases with an increasing degree of the
simulated by the A-atom potential where the dislocation line  local chemical ordering. The lattice distortion, the local chemical
moves smoothly by simultaneously propagating a long straight  ordering, and the nanoprecipitates are found to have a coupled
dislocation line. The activated nanoscale segments are observedto  effect on slowing down the sliding of the edge dislocation, and
be easier to detrap from the regions with stronger Co-Cr local ~ this coupled effect increases with an increasing degree of local
chemical ordering and then propagate into the regions without  chemical ordering, resulting in the coupled strengthening.
such chemical order. These moving characteristics via the During the unpinning process from the nanoprecipitate, the
nanoscale segment detrapping mechanism for the samples  dislocation is found to propagate via a series of forward gliding of
with local chemical ordering and lattice distortion can result  local nano-segments (one at a time in an intermittent manner).
in roughened dislocation pathways for strengthening. Thus, the unpinning process from the nanoprecipitate is observed
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to be significantly delayed by these moving characteristics of
nano-segment detrapping mechanism, resulting in coupled extra
strengthening. The current results are found on the interactions
between the a/2 < 110> edge dislocation, local chemical ordering,
and nanoprecipitate. The present findings should be valid for
other type of dislocations, while these investigations would be
conducted in the future work due to the limitation of the paper
length. The present findings should provide insights into
understanding the strengthening and the strain hardening
mechanisms in HEAs or MEAs with nanoprecipitates.
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