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 A B S T R A C T

Multi-principal element alloys (MPEAs) are emerging as promising structural materials for dynamic envi-
ronments due to their exceptional mechanical performance. In this study, large-scale molecular dynamics 
simulations are employed to investigate grain boundary (GB)-mediated plasticity and fracture behavior of 
nanocrystalline (NC) CoCrNi MPEAs in multi-strain path quasi-isentropic (QI) loading at strain rates ranging 
from 108 s−1 to 1011 s−1. The influence of nanograin size and chemical short-range order (CSRO) on GB 
deformation mechanisms is systematically analyzed. Compared to chemically random configurations, GBs 
containing CSRO exhibit reduced energy, suppressed GB-mediated plasticity, and improved stability against 
dislocation interactions, which weakens the inverse Hall-Petch effect and leads to higher yield strength. CSRO 
intensity is partially degraded by intragranular dislocation activity in QI compression but partially recovered 
in subsequent QI tension, and therefore is able to influence void formation and propagation. Under subsequent 
dynamic tension, CSRO promotes a more uniform dispersion of void embryos and rougher void coalescence 
paths, which explains its role in increasing the fracture resistance. These findings elucidate the fundamental 
role of nanoscale chemical ordering in governing the strength-fracture resistance trade-off of NC MPEAs under 
dynamic loading.
1. Introduction

There is no end to the number of automotive, aerospace, energy, and 
nuclear applications that would benefit from stronger, more damage-
tolerant structural materials under extreme impact loading than cur-
rently available [1–3]. Particularly, the family of CoCrNi-based multi-
principal element alloys (MPEAs) have garnered significant attention 
for their high Hugoniot elastic limits [4,5], spall strengths [6–8], and 
toughness [9] under shock loading. MPEAs are a new class of metallic 
alloys that unlike conventional alloys consist of three or more prin-
cipal elements [10–12] and to date, not currently used in structural 
applications. A considerable amount of research has been devoted to 
characterizing spall strength and damage tolerance for different MPEA 
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compositions and highlighting how they exceed those of a volume-
averaged property of their constituents or today’s high-performance 
alloys.

For traditional alloys, which usually contain one principal element, 
a trade-off often exists between fracture (or spall) strength and damage 
tolerance (or toughness) [13,14]. In multi-principal element alloys 
(MPEAs), dynamic loading studies have sought to determine whether 
chemical complexity can mitigate this trade-off, yet reported trends 
remain inconsistent. In fine-grained MPEAs subjected to increasing im-
pact velocity, spall strength was found to increase while toughness de-
creased, with grain-boundary (GB) void nucleation followed by linkage 
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into transgranular cracks [9,15]. In contrast, laser-driven shock experi-
ments on CoCrNi reported simultaneous enhancement of spall strength 
and damage tolerance, which was attributed to nano-recrystallization 
near the fracture plane and a more homogeneous distribution of incipi-
ent voids in nanocrystalline (NC) regions [16]. Meanwhile, high-rate 
testing of CoCrFeMnNi revealed minimal changes in spall strength 
and damage accumulation rate relative to lower-rate conditions [17], 
whereas subsequent experiments demonstrated concurrent increases in 
strength and toughness when the strain rate was raised from 10−3
s−1 to 6 × 105 s−1 [18], attributed to the activation of nanoscale 
amorphous regions. These divergent observations suggest that the high-
rate response of MPEAs cannot be rationalized by strain rate alone, 
but is strongly influenced by microstructural attributes, including grain 
structure, phase stability, and local chemical complexity.

Understanding the reasons for these varied responses and, more 
generally, the microscopic attributes that control fracture strength and 
toughness is challenging, since the deformation mechanisms can be 
different, more intense and/or more sensitive to local, small-scale 
heterogeneities at elevated strain rates [19]. As in pure metals, post-
mortem studies of MPEAs after shock-loading observed that triple 
junctions of high-angle GBs were preferred sites for void nucleation [7]. 
Denser dislocation networks and more forest dislocations were gen-
erated in the grain interiors (GIs) in dynamic compression tests in 
Al–CoCrFeNi MPEA systems [20,21] than at lower rates. Higher strain 
rates have also been found to induce nanotwins in several types of 
face-centered cubic (FCC) MPEAs [20–24]. Furthermore, the chemical 
complexity of MPEAs can render them metastable with respect to phase 
transitions, which can be promoted under the high pressures and large 
deformations generated in shock loading. The types of phase transitions 
occurring in high-rate loading ranged from the initial FCC to hexagonal-
close packed (HCP) [25], FCC to body-centered cubic (BCC) [26], or 
FCC-HCP-BCC [27], and, as mentioned, amorphization [16,18]. Sec-
ondly, experimental testing and simulations of shock loading caused a 
heterogeneous, multi-strain path loading state, involving a propagating 
pressure wave, subsequent reflection wave, and then interacting waves 
that created a region in the material under extreme tension. Therefore, 
the void and crack formation processes underlying spall developed 
after different parts of the material had already experienced varying 
levels of extreme compression and subsequent tension. This history 
dependence complicates attempts to unravel the intrinsic contribution 
of specific microstructural attributes to dynamic strengthening and 
fracture resistance.

The strong influence of microstructure heterogeneity and chemical 
complexity on damage nucleation and progression can be investigated 
in atomic-scale molecular dynamics (MD) simulations of shock loading, 
albeit at small volumes (<10−3 μm3) and usually very high rates (>107
s−1). To date, a few MD simulation studies of MPEAs under shock 
loading have been carried out to identify defect evolution in every 
stage [28–31]. In MD simulations of FCC CoCrNi-based MPEAs, numer-
ous dislocations, stacking faults (SFs), and nanotwins were observed 
to form behind the moving shock wave [28,31,32]. In the subsequent 
release stage, some SFs were removed due to reverse glide. Despite 
the highly defective GIs left after compression and release, in the final 
tensile stage, voids still preferred to form at specific GB sites, such as 
triple junctions. In another work, shock simulations of single-crystal 
CoCrNi MPEA found that higher shock velocities promoted amorphiza-
tion in the solid state [29]. Inevitably prevailing at the atomic scale 
in MPEAs is chemical short-range ordering (CSRO), an atomic-scale 
chemical heterogeneity, and lattice distortion (LD), an atomic-scale 
structural heterogeneity [33–39]. In MD simulations of shock-loaded 
CoCrNi MPEA, CSRO led to the highest Hugoniot elastic limit compared 
to a random solid solution (RSS) or pure metal bearing nominal proper-
ties of the MPEA [28]. CSRO strengthening in this case was rationalized 
on the basis that both LD and CSRO slow down dislocation propagation, 
which in turn increased the chances for nanotwinning. CSRO also 
affected void nucleation. In single crystals and NC material alike, voids 
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preferentially nucleate in the Ni-rich regions. Despite extensive exper-
imental and simulation efforts devoted to understanding the effects of 
chemical complexity, how deformation history interacts with CSRO to 
regulate the dynamic strengthening and toughening response of NC 
MPEAs remains insufficiently understood. In particular, the evolution 
of CSRO across successive high-rate compression and tension stages, 
and its impact on yield, damage nucleation and fracture progression, 
has not been systematically examined.

Much of the complex, inhomogeneous deformation states of the 
shock process as described above is a consequence of the test method, 
either gas gun- or laser-driven systems, to stimulate shock, in which 
deformation is imposed along the loading direction while the rapid 
loading timescale suppresses lateral stress relaxation [40,41]. In re-
cent years, an alternative dynamic loading condition referred to as a 
quasi-isentropic (QI) process, has been employed in experiment and 
MD simulation to represent dynamic high-pressure situations [42–51]. 
Different from the adiabatic process of shock loading associated with 
conventional shock testing, QI loading generates large compression 
deformation with a lower temperature rise. In principle, in QI load-
ing, the material response relies predominantly on the mechanical 
dissipation associated with microstructural and damage evolution. This 
facilitates fundamental studies of strength-toughness-microstructure re-
lationships. A recent MD study investigated the response of single 
crystals CoCrNi MPEAs in very high-rate, high-pressure QI compres-
sion [52]. Phase transitions were observed, and the type of phase 
transition was shown to depend on the orientation of the single crys-
tal. The FCC-to-BCC transformation dominated over the FCC-to-HCP 
transformation in [100] QI compression. It was revealed that CSRO 
promoted the BCC transformation in these cases. There was a stronger 
tendency for amorphization in [110] and [111] QI compression than 
in the other loading directions.

In this work, using both hybrid Monte Carlo (MC)/MD and large-
scale MD simulations, we study the dynamic response of NC MPEAs 
under the full multi-stage process of dynamic loading, starting with 
high-rate QI compression followed by a hold, and then finally QI 
tension to final fracture. The analyses aim to uncover the deformation 
and fracture mechanisms in every strain path and their connection to 
yield strength, fracture strength, and failure strain. The focus material is 
an equiatomic CoCrNi alloy due to its extraordinary strength-toughness 
balance, especially at cryogenic temperature [53–55], and its tendency 
to develop CSRO, for which its characteristics have already been well 
studied. Attention is given to the role of local chemical and structural 
heterogeneities like CSRO and GBs in the formation and propagation 
of defects and damage in every stage of the process. The simulations 
reveal that CSRO simultaneously increases compression yield strength, 
fracture strength, toughness and lowers void evolution rates.

2. Methodology

All MD simulations are conducted using the large-scale atomic/
molecular massively parallel simulator (LAMMPS) [56]. The atomic in-
teractions within the Co–Cr–Ni system are described by the embedded-
atom method (EAM) interatomic potential developed by Li et al. [57], 
which has been used since in numerous prior MD studies involv-
ing defect evolution within single crystalline [57–62] and NC CoCrNi
[63–65].

To build atomic-scale models for the NC CoCrNi, the initial step in-
volves creating NC models of pure Ni. The Poisson–Voronoi tessellation 
method [66] is used to generate 27 randomly oriented grains for the 
NC Ni model (Note 1 and Figure S1 of the supplementary material). 
Any atom located within 0.1 Å of a Voronoi cutting plane is excluded 
from the corresponding grain, in order to eliminate short interatomic 
contacts between adjacent grains. The influence of the cutoff value 
is also examined, which does not affect the qualitative conclusions 
reported in this work (Figure S2). While keeping the grain orientations, 
shapes, and locations the same, the procedure is repeated to change the 
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average grain size. Depending on the size selected, which will vary here 
from 7 to 20 nm, fully periodic cubic systems with side lengths of ∼17, 
22, 27, 36 and 47 nm are employed, respectively. The total number 
of atoms in the pure NC Ni samples ranges from 0.5 to 10 million, 
respectively.

To construct RSS CoCrNi NCs, atoms in the NC Ni sample are 
randomly replaced by Co or Cr atoms until the desired equal molar 
composition (Co:Cr:Ni = 1:1:1) is reached. The resulting NCs are re-
ferred to as ‘‘RSS’’. To build NCs with CSRO, we employ a hybrid 
MD and MC simulation scheme with an annealing temperature of 350 
K under a variance-constrained semi-grand-canonical (VCSGC) ensem-
ble [59]. Starting with the pure NC Ni model, this scheme exchanges 
in time two-thirds of the Ni atoms with Co or Cr atoms until the 
equimolar composition and CSRO are achieved throughout the entire 
sample, while no compositional constraint is imposed locally within 
individual grains or GBs. As a result, CSRO and local compositional 
variations develop naturally across both GIs and interfacial regions. 
The hybrid MC/MD procedure at 350 K serves as an annealing process 
to achieve converged CSRO under finite-temperature conditions. The 
subsequent quenching to zero temperature allows atoms to dynamically 
rearrange and approach a lower-energy configuration, followed by a 
static relaxation of energy minimization using the conjugate gradi-
ent method to remove thermal vibrations and relax residual atomic 
forces for subsequent property calculations (e.g., CSRO and stacking-
fault energies). Details on the MC/MD methodology can be found in 
Ref. [59]. Here, we use ‘‘SRO’’ to denote the NC models resulting from 
this method. Finally, before simulating the QI loading process, all NC 
models are relaxed at 300 K and zero pressure conditions for 100 ps 
under the NPT ensemble with three-dimensional periodic boundary 
conditions (PBCs) to reach an equilibrium state. The final equilibrated 
configuration is used as the initial state for QI loading, with the stress 
components fluctuating around zero.

To all NCs, a three-stage QI uniaxial-strain loading is simulated, 
where in each stage, strain is applied along the 𝑥 axis and the strains 
in the other two orthogonal directions are zero. The first stage applies 
compression at a strain rate of 109 s−1 up to a strain level of −0.3, with 
the atomic positions remapped in the loading direction every time step 
(1 fs). The rate follows a suggestion of a prior study, which mimics 
the loading rate of laser-driven shock reaching tens of GPa within 
tens of picoseconds [67]. The time step in subsequent simulations is 
maintained as 1 fs for NC samples of different sizes. It should be noted 
that while affine remapping imposes the macroscopic strain along the 
loading direction, atomic motion remains dynamically integrated in all 
three directions using a standard velocity-Verlet algorithm, allowing 
natural relaxation and dissipative processes to occur. In the second 
stage, the compressive state is held constant for 100 ps to model 
defect relaxation during the propagation of the release wave under 
shock loading. The resulting microstructural rearrangements establish 
the initial state for the subsequent loading and are reflected in the 
fracture behavior. In the third and last stage, QI reverse loading is 
applied using the same deformation protocol as in the first stage, but 
under a constant tensile strain rate until fracture. The strain rate for this 
last stage is varied from 108 s−1 to 1011 s−1 to identify any strain-rate 
effects. We did not study the effect of strain rate on compressive loading 
here because it has been investigated in our prior work [52]. During 
the whole loading procedure, a micro-canonical ensemble (NVE) is 
adopted, and the PBCs along all directions are maintained. Here, NVE 
indicates the absence of any thermostat or heat exchange, while the 
total energy evolution during QI loading arises from externally imposed 
mechanical work through homogeneous deformation rather than from 
thermal control (Note 3 and Figure S3 of the supplementary material).

In contrast to shock loading, which brings the material to a final 
state through a single, abrupt compression front, QI loading describes 
a continuous deformation process that approximates an isentropic path 
(Figure S4). Although the absolute strain rates and length scales differ 
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between QI experiments and MD simulations, the loading pressure-
specific volume relationship obtained from QI MD simulations closely 
follows that measured in QI experiments [68] on polycrystalline CoCrNi 
(Note 5 and Figure S5 of the supplementary material), demonstrating 
that the present QI MD protocol captures the essential near-isentropic 
thermo-dynamic response of CoCrNi under experimental ramp loading. 
As a result, for a given stress level, QI loading involves a smaller inter-
nal energy increase compared to shock compression, leading to lower 
temperature states and reduced thermal softening. The evolution of me-
chanical work 𝑊  (evaluated from the axial stress and the corresponding 
volume change along the deformation path) remains physically consis-
tent with the increase of internal energy 𝛥𝐸 throughout the loading 
process (Note 3 of the supplementary material), which includes both 
potential and kinetic contributions. The potential energy part accounts 
for elastic deformation and defect-related configurations, while the 
kinetic energy part corresponds to the thermal contribution associated 
with atomic motion. The temperature evolves naturally from the atomic 
motion which is fully integrated in all three spatial directions, allowing 
kinetic energy to develop as the result of internal energy redistribution 
during microstructure evolution (Figure S3).

Visualization of defect evolution and post-processing of the cor-
responding quantities are based on the adaptive common neighbor 
analysis (CNA) and dislocation analysis (DXA) method [69] imple-
mented in OVITO [70]. The adaptive CNA determines a local cutoff 
radius for each atom based on its nearest-neighbor distances, which 
makes the classification robust against homogeneous elastic deforma-
tion during global compression or traction. Atoms that do not match 
FCC/HCP/BCC templates are categorized as ‘‘Others’’, which include 
GB atoms as well as highly distorted lattice regions such as dislocation 
cores, stacking faults and phase transition fronts during deformation.
In-situ GB atomic potential energy calculation is employed for polycrys-
tal samples after energy minimization. Noncrystalline atoms are first 
identified as GB atoms by the CNA module, and then per-atom potential 
energy taken directly from LAMMPS is averaged over all identified GB 
atoms to obtain the average GB atomic potential energy. This metric 
is used as an energetic descriptor to compare relative GB energetic 
states of RSS and SRO models, rather than as a strict thermodynamic 
GB energy. It should be noted that rigorous evaluation of GB free ener-
gies typically relies on thermodynamic integration approaches [71,72], 
which are beyond the scope of the present work. To identify voids and 
calculate their surface areas and volumes, the surface mesh algorithm 
(SMA) [73] implemented in OVITO is employed.

3. Results

3.1. CSRO distribution in NC

We study NCs with five different average grain sizes: 𝑑 = 7, 9, 
11, 15, and 20 nm, with the intent to increase the GB density. Fig. 
1(a) shows the generic NC with 𝑑 = 20 nm, where atoms with perfect 
FCC coordination are green and those in the GBs are gray. Atomic 
configuration analysis of the model classifies gray atoms as ‘‘other’’, 
lacking FCC, HCP, or BCC structure. As shown in Fig.  1(b), as 𝑑
reduces from 20 nm to 7 nm, the fraction of atoms in the GB increases 
accordingly, compared to the interior, taking up a significant fraction 
of the NC, ranging from 9 to 21%. Cross-sections of two representative 
grains in the RSS and SRO samples with 𝑑 = 20 nm are shown in Fig. 
1(c). CSRO of Ni-rich regions surrounded by CoCr clusters is observed 
in the SRO NC, in contrast to the uniform distribution of Co, Cr, and Ni 
in the RSS NC. The GBs in the same NCs are displayed in Fig.  1(d) with 
the interior atoms removed. The CSRO in the GBs exhibits a preference 
for Ni–Ni segregation and CoCr clustering similar to that in its GIs.

Warren–Cowley (W–C) parameters [74,75] are computed atom-
wise from instantaneous atomic positions using a radial first-nearest-
neighbor (1NN) shell defined by a fixed cutoff distance of 3.0 Å. This 
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Fig. 1. (a) Representative atomic configuration of NC CoCrNi MPEA sample with average grain size of 20 nm. FCC, HCP, BCC atoms, and those with unknown 
coordination structure are colored green, red, blue, and gray, respectively. (b) shows the percentages of atoms in the GI and GB regions of samples with various 
average grain sizes. (c) The atomic distribution in the representative grains of the RSS and SRO samples, respectively. (d) The atomic distribution in the GBs of 
the atomic configuration in (a). Insets show the enlarged view of the chemical disorder/order in the GBs. Here, ‘‘SRO’’ denotes the sample annealed at 350 K 
during hybrid MD/MC simulations, while ‘‘RSS’’ refers to the sample with an ideally random atomic distribution.  (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)
cutoff is chosen to include the first-neighbor peak in the radial distri-
bution function and is verified to capture the 1NN shell for atoms in 
FCC, HCP, BCC and non-crystalline environments throughout different 
loading stages (Note 6 and Figure S6 of the supplementary material). 
Therefore, the CSRO metric reported here quantifies local chemical pair 
correlations within a consistent near-neighbor distance range and is not 
restricted to a specific lattice topology, enabling unified evaluation in 
both GI and GB regions. W-C parameters are defined as 𝛼𝑛𝑖𝑗 =

𝑝𝑛𝑖𝑗−𝑐𝑗
𝛿𝑖𝑗−𝑐𝑗

, 
where 𝑛 is the 𝑛th nearest-neighbor shell of the central 𝑖-type atom, 𝑝𝑛𝑖𝑗
denotes the probability of a 𝑗-type atom being around a 𝑖-type atom 
within the 𝑛th shell, 𝑐𝑗 is the concentration of 𝑗-type atoms, and 𝛿𝑖𝑗 is 
the Kronecker delta function. An 𝛼𝑛𝑖𝑗 of zero corresponds to a completely 
random chemical distribution. A positive (negative) 𝛼𝑛𝑖𝑗 corresponds 
to a preference of local ordering between pairs of the same, 𝑖 = 𝑗
(different, 𝑖 ≠ 𝑗), species. Larger positive (negative) values for pairs 
of the same (different) species indicate higher degrees of CSRO. In this 
work, the first nearest neighbor, i.e., 𝑛 = 1, is used to calculate the W-C 
parameters.

Fig.  2(a) and (b) show the concentration deviations of Co, Cr, and 
Ni elements in the GB and GI regions of the RSS and SRO samples with 
different grain size 𝑑 compared to the standard equimolar composition. 
In all RSS samples, the concentration deviations at GBs or GIs from 
the equimolar composition lay within 1% after thermostat relaxation. 
All W-C parameters are close to zero (as shown in Fig.  2(c)–(d)), con-
firming that the model construction procedure sufficiently achieved the 
target of an ideal random solution. In contrast, a larger concentration 
deviation is generated in the SRO NCs. In Fig.  2(c)–(d), 𝛼1NiNi exhibits 
the largest positive value for like pairs and 𝛼1CoCr the largest negative 
value for unlike pairs among the W-C parameters in both the GIs and 
GBs. These values indicate local Ni segregation and CoCr clustering, 
consistent with visual inspection of the SRO models in Fig.  1 and prior 
MC/MD simulations of this material [57]. Importantly, the GBs of the 
SRO samples show even higher deviations than the GI, with pronounced 
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differences for 𝑑 = 7, 9, and 11 nm. As seen in Fig.  2(a) and (b), the 
GBs have relatively fewer Ni atoms but higher proportions of Co and 
Cr atoms than the GIs for the same 𝑑. Consequently, the level of CSRO 
is slightly lower in the GBs, with 𝛼1NiNi less positive in the GBs. The 
preference can be understood by comparing the potential energy of 
the three constituent elements in GBs (Fig.  3). Co exhibits the lowest 
potential energy in GBs (Fig.  3(b)). Considering further the preference 
for Cr to bind to Co, the GBs contain a relatively higher proportion of 
CoCr clusters, and thus reduced 𝛼1NiNi.

3.2. Response to controlled-deformation QI multi-stage loading

All NC samples exhibit a similar response to the QI multi-stage 
loading (compression-holding-reverse loading) imposed. Fig.  4 shows 
the typical evolution of the normal stress component along the ap-
plied straining direction throughout the process 𝜎𝑥𝑥, referred to as 
the longitudinal stress. In the first stage, the longitudinal stress is 
negative and hence compressive (Figure S7 and S8). As the other stress 
components that develop are non-zero and non-negligible (Figure S9), 
we also analyze the von Mises stress (Note 7 in the supplementary 
material) evolution to reveal the onset of plastic deformation during 
this stage. In particular, the deviation from linear elasticity in the von 
Mises stress is defined as the yield strength. Note that the energy-based 
von Mises stress is inherently insensitive to the sign of individual stress 
components and the choice of isotropic yield criterion does not alter 
the mechanistic interpretations drawn from the comparative analysis 
for RSS and SRO NC samples. Work hardening rate derived from the 
von-Mises stress–strain curve is used for the analysis of post-yielding 
behavior (Note 8 and Figure S10 in the supplementary material). At the 
end of the first and second stages, there is no evidence of fracture. In 
the third stage, when the applied strain is reversed, the compressive 
longitudinal stress reduces in magnitude more rapidly than it rose 
in the first stage, a hysteresis that results from the irreversibility of 
inelastic events that developed in the first stage. The area of the region 
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Fig. 2. Concentration deviations of Co, Cr, and Ni elements in the (a) GB and 
(b) GI regions compared to the standard equimolar composition for the RSS 
and SRO NCs. The pairwise W-C parameters 𝛼1

𝑖𝑗 are calculated for the (c) GB 
and (d) GI regions in the RSS and SRO NCs with an average grain size of 
20 nm. Here, the definitions of models are consistent with those in Fig.  1.

bounded by the hysteresis loop denotes the irreversible work during 
the stage of compressive stress state. As the reverse straining continues, 
the longitudinal stress becomes tensile, and after some amount of 
tensile strain, voids are seen to nucleate. Their initiation point can be 
identified by an initial rise in the void volume fraction (red curve) 
and void surface area fraction (blue curve) from zero. Specifically, 
the void volume (surface area) fraction is defined as the total volume 
(surface area) of all reconstructed voids divided by the instantaneous 
total volume (surface area) of the simulation box at the same strain 
state. During the tensile straining period spanning void formation, the 
longitudinal stress continues to rise until it reaches a maximum value, 
after which it rapidly drops. The peak value in longitudinal stress 
is designated here as the fracture strength. With continued straining 
beyond the fracture strength, the void development transitions from 
individual formation and growth to void coalescence. For the purpose 
of comparing NC materials, the strain level at which void growth ends 
and coalescence begins is defined here as the failure strain. Herein, the 
area of the region bounded by zero stress line and reverse loading curve 
until failure strain corresponds to the reverse loading work during the 
stage of tensile stress state.

To quantify the material’s energy absorption under the full QI 
loading sequence, we define an effective QI toughness as the total me-
chanical work per unit volume along the actual QI compression-reverse 
loading path:

𝑊QI = ∫path
𝜎 𝑑𝜀.

Since the integration follows the real loading trajectory, 𝑊QI naturally 
includes both elastic storage and the irreversible event through plastic-
ity, which is equal to the sum of the irreversible work and the reverse 
5 
Fig. 3. (a) The average GB atomic potential energy and its standard deviation 
over 100 RSS and SRO samples after energy minimization. (b) The average 
potential energy of Co, Cr, and Ni atoms at GBs over 100 configurations for 
each case. The definitions of models are consistent with those in Fig.  1.

loading work. This energy-based definition is consistent with the classi-
cal interpretation of toughness as the area under the stress–strain curve.

These results demonstrate that the simulated QI process enables 
exploration of the whole process of inelastic evolution in compression 
followed by tension up to fracture in NC CoCrNi MPEAs in high-rate 
conditions. While all NC responses are seen to follow a similar sequence 
of events, the material properties, such as the yield strength, work 
hardening, fracture strength, failure strain and toughness generally 
differ between the RSS and SRO NCs.

3.3. Mechanical behavior during QI compression

We first study the effect of CSRO on the first stage of QI com-
pression. Fig.  5 compares the strain evolution of the von Mises stress 
for the RSS and SRO alloy. The elastic–plastic transition occurs at the 
strain of around −0.05 (Figure S10) for both alloys at all grain sizes. 
Fig.  6(a) shows the corresponding yield strengths. CSRO substantially 
increases the yield strength for all 𝑑. The yield strengths of both alloys 
are seen to increase with 𝑑, which is against the ‘‘smaller is stronger’’ 
trend, although the effect is weaker for the SRO alloy. This inverse 
Hall-Petch effect on yield strength is a common observation in MD 
simulations and in experimental quasi-static tests of FCC NCs and is 
associated with very fine grain sizes (Note 9 in the supplementary 
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Fig. 4. Schematic of the typical macroscopic mechanical response and void failure process under the QI multi-stage loading. The evolutions of longitudinal stress 
(black curve), von Mises stress (purple curve), void volume fraction (red curve), and void surface area fraction (blue curve) are shown. The plateau in von Mises 
stress signifies plastic flow during QI compression, with the inflection point from the linear elastic stage to the plastic flow defining the yield strength. The 
fracture strength corresponds to the maximum longitudinal stress during reverse QI loading. Period I represents rapid void nucleation and embryo growth, while 
period II reflects void coalescence. The failure strain is the strain at the end of period I/beginning of period II. Dashed horizontal and vertical lines mark zero 
stress and zero strain, respectively. The area of the region bounded by the hysteresis loop denotes the irreversible work during the stage of compressive stress 
state, whereas the area of the region bounded by zero stress line and reverse loading curve until failure strain corresponds to the reverse loading work during 
the stage of tensile stress state. Representative snapshots are shown to illustrate the microstructural features.  (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
material), typically below ∼30 nm [76]. It manifests in materials of 
pure metals and traditional alloys, in monotonic compression as well 
as tension, and over a range of strain rates. The phenomenon has been 
associated with diminished dislocation activities within the GIs and 
greater GB-mediated deformation as 𝑑 decreases [77,78].

After yielding, the two alloys exhibit vastly different deformation 
behavior (Fig.  5). The RSS material strain hardens in the first strain 
hardening stage (WH I), while the SRO material strain softens over WH 
I (Figure S10). Straining beyond WH I in both alloys results in a second 
strain hardening stage (WH II), which prevails to the final strain level 
at the end of the compression (𝜀 = −0.3). Fig.  6(b)–(d) compares the 
hardening rates in these two stages (WH I and WH II) and onset strain 
for WH II between RSS and SRO as a function of the grain size 𝑑. In the 
SRO alloys, the softening rate in WH I increases with larger 𝑑 to 11 nm, 
and larger 𝑑 delays the onset of the WH II. Moreover, higher hardening 
rates are observed in the SRO samples than RSS samples in WH II.

3.4. Inter- and intragranular plasticity during QI compression

To elucidate the CSRO effect on yield strength, we measure the non-
affine displacements and grain rotations at the yield strain of −0.05. The 
methods for quantifying non-affine displacements and local rotation 
tensors (Note 10 in the supplementary material) in atomic-scale models 
are described in Refs. [69,79]. Fig.  7(a) compares the average non-
affine displacements (𝐷2) in the RSS and SRO alloys for every grain 
size 𝑑. The GI displacements in both alloys are similar and insensitive 
to 𝑑. The 𝐷2 for the GBs, however, is much greater (in some cases at 
least twice) than that of the GI atoms, influenced by 𝑑. It should also be 
noted that, within the inverse Hall–Petch regime, the GB displacement 
reported here is the average non-affine displacement over GB atoms 
and thus reflects a local per-atom measure of interfacial rearrangement. 
6 
As the grain size decreases, the GB volume fraction increases and GB-
mediated deformation becomes more significant at the sample scale. 
Consequently, the average non-affine displacement per GB atom can be 
smaller in finer-grained samples, even though the overall GB-mediated 
plasticity is enhanced, consistent with the reduction in yield strength 
shown in Fig.  6(a). The GB displacements are substantially less in the 
SRO alloy, with the difference 𝛥𝐷2 diminishing with increasing 𝑑. As 
shown in Fig.  7(b), both the RSS and SRO alloys exhibit non-negligible 
grain rotations. The average grain rotation at yielding is much greater 
in the RSS alloy. The rotation decreases significantly in the RSS alloy 
with increasing 𝑑, whereas in the SRO alloy, this same grain size 
effect is much weaker and even appears to plateau for 𝑑 greater 
than 11 nm. Experimental studies of pure FCC NC metals report that 
smaller nanograins exhibit more pronounced grain rotation [80,81]. 
This analysis of average local distortions shows that the yield strength 
is governed by grain rotations and irreversible displacement events 
at the GBs, for all 𝑑 studied. The suppressed grain rotation in RSS 
smaples with larger grain size leads to higher yield strength. CSRO 
strengthening arises from its effects on constraining GB deformation 
involving GB displacement and grain rotation. As shown in Fig.  7(c), GB 
atoms in the SRO samples are predominantly characterized by smaller 
non-affine displacements, whereas the RSS samples exhibit a higher 
proportion of larger displacements. The presence of CSRO results in 
relatively lower GB activities than those occurring in the RSS alloy, thus 
higher yield strength.

To understand the greater stability of the GBs in the SRO alloys, 
we calculate the average potential energy of GB atoms in the RSS 
and SRO alloys prior to loading. Fig.  3(a) shows that the presence of 
CSRO substantially lowers the GB energy. This stabilization is primarily 
attributed to the Co element, which is the most prevalent in the GBs in 
the SRO CoCrNi alloy (Fig.  2(a)) and exhibits relatively low potential 
energy (Fig.  3(b)).
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Fig. 5. von Mises stress as a function of strain under QI compression for (a) 
RSS and (b) SRO NC CoCrNi MEAs with varying average grain sizes. Insets 
highlight the transition from the linear elastic stage to plastic flow in the von 
Mises stress, marking the onset of dynamic yielding. The vertical gray dashed 
line denotes the strain of −12%. Three deformation stages are defined based 
on the work hardening rate derived from the von-Mises stress–strain curve 
(Note 10 in the supplementary material). Here, the definitions of models are 
consistent with those in Fig.  1.

With increasing strain after yielding, the alloys deform plastically 
via a series of dislocation slip events and phase transitions. As shown 
in Fig.  8(a)–(c), within the WH I period, the Shockley partial dislocation 
density rises in both alloys, even the SRO alloy, wherein strain softening 
occurs, and at nearly the same rate. The evolutions of non-affine 
displacements and grain rotations are also tracked. As shown in Figure 
S11 in the supplementary material, consistent with dislocation activity, 
GB displacement is enhanced in RSS and SRO alloys with increasing 
grain size. It should be noted that the smaller GB displacement in 
SRO samples than RSS alloy indicates a continuous constraint effect by 
CSRO on GB mobility during QI compression (Figure S11 (a)–(c) and 
Figure S12). For grain rotation (Figure S11 (d)–(f)), the evolution rates 
between these two sets of alloys are similar, resembling the trend of 
Shockley partial dislocation evolution.

To determine whether hardening differences correlate to CSRO-
affected phase transitions, we take a closer look at the differences in the 
evolution of the FCC, HCP, and BCC phases. Fig.  8(d)–(f) compares their 
evolution, including the unidentifiable ‘‘Other’’ atoms that corresponds 
primarily to the GBs and secondly to defects apart from Shockley 
partials and SFs. In the linear elastic region and the elastic–plastic 
transition, the NCs are FCC. The onset of WH I coincides with the 
transformation from FCC to either BCC or HCP. The FCC-to-BCC tran-
sitions are Bain transformations, and these produce small BCC clusters 
and occur heterogeneously [82]. The latter FCC-to-HCP transformation 
corresponds to SF formation from Shockley partial glide and HCP lath 
production from the formation of SFs on closely parallel planes [83,84]. 
The growth of the small BCC clusters is limited by the larger-scale 
displacements from dislocation glide. Over the WH I period, these two 
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phase transformations are, on average, similar between the RSS and 
SRO alloys.

Stark differences in their WH I hardening/softening rates could 
alternatively stem from differences in the way defects evolve spatially, 
details that are lost in averages. Analysis of NC deformation (e.g., Fig. 
8(g), (i) and Figure S13) reveals that the SRO grains usually contain 
one set of intragranular slip bands, whereas the RSS grains develop two 
or more intersecting slip bands. The preferential formation of coplanar 
slip bands in SRO grains is facilitated by the decrease in slip resistance 
due to the destruction of CSRO within each band. This phenomenon 
has been referred to as ‘‘glide plane softening’’ in conventional binary 
alloys, and hypothesized to occur in MPEAs with CSRO [85,86]. The 
predominance of coplanar slip banding has been experimentally re-
ported in this material [53]. Simulations on more traditional FCC alloys 
have predicted that the intensity of slip bands increases with 𝑑 in the 
small grain size regime [87], a trend that aligns with the enhancement 
in softening rate with larger 𝑑 seen in Fig.  6(b). The propensity for 
CSRO to encourage coplanar slip banding over multiple slip banding 
explains the softening that develops immediately after yield seen in the 
SRO alloy and not in the RSS alloy, see Fig.  5.

Fig.  8(d)–(f) reveals that WH II corresponds to a marked reduction 
in the HCP phase. In all NCs, the HCP phase rises in WH I, peaks 
at a given strain level, and then falls, while the FCC phase contin-
ues to drop over WH I and WH II. At the same time/strain level, 
the BCC phase fraction notably increases at a higher rate than the 
initial development of BCC clusters at the yield strain. This phase 
transition sequence from FCC to HCP to BCC (Fig.  8(h) and (j)) has 
also been experimentally observed in CoCrNi-based MPEAs [88,89] as 
well as in MD simulations of shock loading and QI compression of 
single crystals [28,52]. Accordingly, WH II must coincide with an HCP-
to-BCC phase transformation. The onset strain of HCP-to-BCC phase 
transformation is determined as the strain at which the HCP fraction 
exhibits the first sustained monotonic decrease (Fig.  8 (d)–(f)). The 
onset strain for WH II in Fig.  6(d) is comparable to that for the HCP-to-
BCC phase transformation across all grain sizes and for both RSS and 
SRO samples (Fig.  8 and Table  1). Specifically, for the RSS NC, the onset 
of this phase transformation is insensitive to 𝑑 (consistently occurring 
at approximately −0.24), while for the SRO NC, it occurs at a lower 
strain for smaller 𝑑. Furthermore, Fig.  8(d)–(f) shows that the HCP-to-
BCC phase transformation progresses at a much higher rate in WH II 
in the SRO alloys than the RSS alloys, which aligns with their greater 
hardening rates in WH II (Fig.  6(c)).

The mechanism underlying the HCP-to-BCC phase transformation 
in high-rate deformation has been discussed before [27,90]. HCP lath 
formation involves SF formation on every other {111} atomic planes. 
New BCC nuclei form when non-coplanar HCP laths intersect and then 
grow by reactions between intersecting dislocations and the HCP laths. 
Neighboring BCC embryos coalesce to form the BCC phase. In the SRO 
NCs here, the enhanced CSRO CoCr clustering at the GBs promoted this 
phase transition, explaining the grain size dependence in onset strain 
for WH II not seen in the RSS alloy (Fig.  6(d)). As the BCC phase is 
the relatively harder phase, the higher rate of transformation would 
directly correspond to the higher WH rate in WH II possessed by the 
SRO NC alloys (Fig.  6(c)).

3.5. Reverse loading: QI tension

In the last stage of deformation, QI tension is applied after 𝜀 =
−0.3. After 𝜀 = −0.3, a large fraction of the NC has transformed 
to BCC. However, as seen, during the compression stage, the NCs 
undergo substantial microstructure evolution with strain, and at lower 
strains, there is less or no BCC transformed phase. Therefore, we also 
consider another loading path where QI tension is applied after less QI 
compression strain 𝜀 = −0.12, when the NC has only experienced WH 
I and its structure is mixed FCC-HCP with little BCC phase. In what 
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Fig. 6. (a) Relation between yield strength and grain size for the RSS and SRO NC CoCrNi samples under QI compression. The average work hardening (WH) 
rates over the (b) WH I and (c) WH II regimes for each NC sample (Note 10 in the supplementary material). The WH rates of the SRO NCs are negative during 
the WH I regime, corresponding to strain softening. (d) Onset strain for WH II.
Table 1
Onset strain for HCP-to-BCC phase transformation and WH II.

MPEA
Onset strain for HCP-to-BCC/WH II Grain size (nm) 

7 9 11 15 20

RSS −0.235/−0.252 −0.240/−0.252 −0.240/−0.251 −0.240/−0.249 −0.240/−0.245
SRO −0.200/−0.220 −0.205/0.235 −0.210/−0.236 −0.220/−0.237 −0.230/−0.239
follows, the choice of two loading paths aims to examine the effect of 
the BCC transformed phase on subsequent fracture behavior.

Fig.  9(a)–(d) shows the phase evolution in a representative region 
of the NCs under reverse loading. As the compressive strain decreases, 
we observe a reverse transformation of HCP to FCC in the SRO alloy 
in loading path 1 (lp1) with compression prestrain of 𝜀 = −0.12 and to 
a minor extent in the RSS alloy. In loading path 2 (lp2), we observe 
a reverse transformation from BCC to HCP after the full prestrain of 
𝜀 = −0.3 in both alloys. Considering the multiple and large-strain path 
history experienced by these NCs, whether CSRO would have a lasting 
effect on the behavior in these final stages of tensile strain is worth 
detailed analysis.

As defined in Fig.  4, period I represents rapid void nucleation and 
embryo growth, while period II reflects void coalescence. We first 
compare the fracture strength between RSS and SRO NC samples under 
identical grain size and strain-rate conditions, where fracture strength 
is defined as the peak longitudinal tensile stress occurring during period 
I. The results for all 𝑑 and strain rates are shown in Fig.  10. For lp1, 
SRO samples consistently exhibit higher fracture strength than their 
RSS counterparts at low strain rates, indicating that CSRO-induced 
strengthening persists even after the substantial microstructural evolu-
tion induced by QI compression and reverse loading. This strengthening 
effect is most pronounced at the lowest strain rate (108 s−1), particularly 
for larger grain sizes. In contrast, for lp2, the difference between RSS 
and SRO samples is negligible across all grain sizes and strain rates, 
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suggesting that the CSRO strengthening effect becomes suppressed un-
der this loading condition. Moreover, fracture strengths are consistently 
lower for lp2 than for lp1 under identical conditions.

For the strain-rate effect, at high strain rates (≥1010 s−1), the fracture 
strength becomes relatively insensitive to grain size and CSRO, indicat-
ing rate-dominated behavior. However, at lower strain rates (108–109
s−1), microstructural features play a more significant role, which is 
manifested by the grain size effect. In both RSS and SRO samples, 
fracture strength increases as grain size decreases at 108 s−1 in both 
lp1 and lp2 (Fig.  11(a)–(b)), reflecting grain-size strengthening under 
reverse loading.

Next, we compare the failure strain between RSS and SRO samples, 
defined as the tensile strain at the end of period I, corresponding to 
the onset of excessive void coalescence. While failure strain is con-
ventionally associated with complete separation or void percolation, 
we adopt the strain at which rapid void coalescence begins, since this 
marks the onset of loss of load-carrying capacity in the simulations. The 
comparison between RSS and SRO systems is shown in Fig.  11(c)–(d) 
for the two lowest strain rates (108 and 109 s−1), where microstructural 
effects are most pronounced. For lp1, the failure strain of SRO samples 
is comparable to or slightly lower than that of RSS samples across all 
grain sizes. A similar trend is observed for lp2. Thus, although CSRO 
enhances fracture strength under certain conditions (Fig.  11(a)–(b)), it 
does not lead to a systematic increase in failure strain.

Note that the failure strain is also related to grain size. At strain 
rates of 108 and 109 s−1, smaller grains generally exhibit slightly higher 
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Fig. 7. (a) Average non-affine displacement (𝐷2) per GB and GI atom within each NC and (b) average relative grain rotation of 27 grains at the yield point during 
QI compression. The difference in 𝐷2 between RSS and SRO alloys is presented as 𝛥𝐷2 in (a). (c) Frequency distribution of 𝐷2 for GB atoms within different NC 
models.
failure strains, suggesting delayed void coalescence in finer microstruc-
tures. Increasing strain rate reduces the sensitivity of failure strain 
to grain size, indicating a transition toward rate-dominated fracture 
behavior.

To elaborate the CSRO effect on fracture resistance, toughness 
consisting of irreversible work and reverse loading work is calculated 
for RSS and SRO samples with respect to different loading paths, as 
shown in Fig.  12. It is clear that larger plastic dissipation is produced 
in SRO samples during the compression stage along lp1 and lp2 for 
different grain sizes, which is mainly attributed to the higher energy 
penalty in case of dislocation glide and the formation of planar faults. 
Moreover, the reverse loading work decreases with increasing grain 
size for both RSS and SRO samples due to the decreasing fracture 
strength and failure strain of larger grain sizes. In spite of divergent 
microstructural evolution during two loading paths, SRO still shows 
considerable toughening effect in the material, especially along lp2. 
When strain rate further increases over 1010 s−1, the SRO toughening 
effect becomes weaker since the strain rate effect is predominant during 
deformation (Figure S14). Taken together, the results in Figs.  6(a), 
10(a) and 12 demonstrate that CSRO enhances both the dynamic yield 
strength and fracture strength, while maintaining enhanced toughness 
under low strain rates. This indicates that dynamic strengthening is 
achieved without sacrificing toughness.

To understand how CSRO influences these tensile properties, we 
return to the start of reverse loading and examine the phase transitions 
that ensue. For 108 s−1, Fig.  9(e)–(j) shows the development of the FCC, 
BCC, and HCP phases during reverse loading up to a tensile strain of 
0.1. For lp1, distinct evolution of microstructures is observed in reverse 
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loading for the RSS and SRO NCs. In the RSS NCs, the dislocation and 
SF networks remain largely confined within the GIs (Fig.  9(a)–(b)). The 
HCP content in the RSS NCs only moderately changes with decreasing 
compressive strain. In contrast, the SRO NCs deform by the absorption 
of dislocations and SFs by GBs (Fig.  9(a)–(b)). Unlike the RSS alloys, 
the fraction of HCP structure decreases with diminishing compressive 
strain in the SRO alloys (Fig.  9(e)–(g)). The SRO NCs nearly recover 
the FCC state when the strain becomes tensile, which is not the case 
for the RSS NCs.

For lp2, as the compressive strain reduces, the BCC structure fully 
transforms into the HCP structure for both alloys (Fig.  9(c)–(d)). As the 
reverse straining continues, the HCP structure transforms back to FCC, 
but only partially up to the point of void formation. More FCC structure 
is recovered in the SRO NCs than RSS NCs (Fig.  9(h)–(j)). The effect of 
CSRO on fracture strength and toughness can therefore be attributed 
to differences in the proportions of HCP phase and not to any retained 
BCC phase. CSRO leads to less HCP phase in the NCs at the point when 
deformation turns tensile.

Thus far, we have seen that CSRO impacts tensile properties, and 
before the point of tensile failure, the alloys experience ample local 
displacements and phase changes. The CSRO is known to change during 
deformation, as dislocation activities continually shift planes and the 
grains rotate [81,91]. The expectation is that after the accumulation of 
irreversible slip events over large straining periods, the CSRO would be 
destroyed and irrecoverable even if the applied loading were removed 
or reversed. The W-C parameters that measure CSRO levels can be 
defined for all phases at any time/location in the NCs. Fig.  13 plots 
the evolution of the pairwise CSRO parameters, 𝛼1  and 𝛼1 , during 
NiNi CoCr
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Fig. 8. (a)–(c) GI dislocation density development and (d)–(f) crystalline structure evolution in the RSS NC (solid lines) and SRO NC (dashed lines) samples during 
QI compression. The two WH regimes are consistent with those in Fig.  5. Atomic configurations at different compressive strain levels during QI compression for 
(g)–(h) RSS and (i)–(j) SRO NCs with an average grain size of 𝑑 = 20 nm. Here, the atomic coloring of crystalline structure and the definitions of models are 
consistent with those in Fig.  1.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
the entire QI process for lp1 and lp2 in the SRO NCs. During the 
QI compression stage, increasing intensity of microstructure evolution, 
such as Shockley partial dislocation glide, SF formation, and phase tran-
sitions, causes the absolute values of the CSRO parameters to gradually 
decrease. This reduction occurs because Shockley partial dislocation-
CSRO interactions disrupt CSRO, lowering the proportion of locally 
ordered regions. With the dominant role of Shockley partial dislocation 
during QI compression (Fig.  8(a)–(c)), the reduction in CSRO by the 
leading Shockley partial changes the local stacking fault energy (SFE), 
which lowers the attractive force between the two partial dislocations. 
The different SFEs during QI compression and reverse loading lead 
to an asymmetric microstructure response of these two stages under 
different loading paths (Figs.  8 and 9). Upon reversing loading in lp1 
(Fig.  13(a)), the CSRO parameters exhibit partial recovery. Remarkably, 
the reversibility of CSRO demonstrates its potential to reduce in one 
load path and to regain when the sense of loading is reversed. Such 
reversibility suppresses excessive plastic dissipation (Fig.  9(a)–(b)) and 
enables sustained reverse loading work until fracture (Fig.  12). In con-
trast, in lp2, the CSRO parameters do not recover, and the substantially 
reduced CSRO present after 𝜀 = −0.3 is maintained even after complete 
reverse loading and, importantly, at the point when void nucleation 
begins (Fig.  13(b)). Yet, CSRO still persists (i.e., the W-C parameters are 
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non-zero) after lp2, albeit at a reduced level. Any CSRO strengthening 
effects on fracture strength and toughness will simply be weaker after 
lp2 compared to lp1. This explains the weaker CSRO effects on fracture 
strengths and failure strains measured after lp2 compared to lp1, seen 
in Fig.  11. It should also be noted that global CSRO parameters in 
Fig.  13 are computed as the average of atom-wise W–C parameters 
evaluated using the first-nearest-neighbor shell for each atom in the 
current atomic configuration. The local destruction of CSRO is possible 
to be compensated by the reconstruction of CSRO through dislocation 
glide along two opposite directions, which mitigates the overall reduc-
tion of CSRO parameters. Nevertheless, it shows the effect of loading 
history on CSRO development, thus indicating the characteristic of 
rejuvenation in the material.

The CSRO that develops in CoCrNi alloy facilitates the transition 
from HCP to FCC in reverse loading. Since the HCP-to-FCC phase 
transformation occurs by SF contraction and reverse Shockley partial 
glide, the elevated SFE (Figure S15) reduces the energy barrier for the 
HCP-to-FCC reverse transformation [53,57,92].

3.6. Void evolution during dynamic fracture

Considering the presence of CSRO and the large differences in CSRO 
between lp1 and lp2, we study the role of CSRO in void nucleation and 
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Fig. 9. Microstructural evolution of the local grains within the RSS and SRO samples with the average grain size of 20 nm: (a)–(b) for the reverse loading 
during loading path 1 and (c)–(d) for the reverse loading during loading path 2. The FCC matrix is deleted for better visualization of GI defects. Evolution of 
microstructures with varying grain sizes: (e)–(g) for the reverse loading during lp1 and (h)–(j) for the reverse loading during lp2. A strain rate of 108 s−1 is 
applied for reverse loading. Specifically, vertical dash lines denote the moments of zero strain during lp1 and lp2, respectively. Here, the definitions of models 
follow Fig.  1.
growth in periods I and II. For the lowest strain rate 108 s−1 and lp1, Fig. 
14(a) and (b) compare the time evolution of the void volume fraction 
and void surface area fraction between the RSS and SRO alloys from the 
start of period I, which occurred at about the same strain. Voids initiate 
earlier in the SRO alloys than in the RSS alloys. A similar finding is 
observed for the rate 109 s−1 and lp2 (Figure S16–S17).

To understand how CSRO promotes early void nucleation and in-
fluences void growth, void formation in three-dimensional (3D) space 
is examined. We compare the time evolution of void development 
spatially in the RSS and SRO NCs over the period I by identifying only 
void surface atoms with Voronoi volumes exceeding 20 Å3. In both 
NCs, void nucleation begins at the GBs. Spatial maps show distinct 
differences in the distribution of void embryos. In the RSS alloy, fewer 
voids form, and failure progresses by the expansion of a few dominant 
voids. Their growth is relatively rapid (Fig.  15(a)). In contrast, in the 
SRO NC, more voids nucleate, and their nucleation sites are randomly 
distributed throughout the GBs. Coalescence of neighboring void em-
bryos in the SRO NCs results in irregular voids with larger surface areas 
compared to those in the RSS NCs (Fig.  14(b), Fig.  15(b) and Figure 
S18). To compare this rugged progression of void growth with the 
monotonic growth progression seen in the RSS alloy, the void evolution 
rate derived from the slope of the void volume fraction curve in period 
I is calculated. For a given deformed sample, a larger surface area 
corresponds to a higher surface area fraction, indicating more tortuous 
or rugged void morphology. In SRO samples, this increased geometric 
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complexity delays rapid void growth during period I, and thus the 
voids in the SRO NCs have a significantly reduced void evolution rate 
compared to the RSS NCs, as shown in Fig.  14(c). The remarkable 
differences in void progression caused by CSRO can explain the higher 
fracture strengths measured in the SRO alloy during lp1.

CSRO promotes void nucleation and thus, much of the robustness 
to dynamic fracture afforded by CSRO must rely on another factor. 
Based on the 3D mapping of void growth, greater fracture strengths and 
comparable failure strains appear to rely instead on a high level of spa-
tial uniformity in void formation. To quantify the spatial heterogeneity 
in voids for the entire sample and better elucidate the CSRO effect, 
we adopt the local heterogeneity parameter ℎ [93]. The simulation 
box is partitioned into 23𝑘 cubic grids at subdivision level 𝑘, and the 
distribution of void-surface atoms is evaluated across these grids. The 
parameter ℎ is defined as 

ℎ = 1
2𝑆

𝑟
∑

𝑘=1
(8.89)1−𝑘

23𝑘
∑

𝑖=1

|

|

|

𝑚𝑖 − 𝑚(23𝑘)||
|

, (1)

where 𝑆 is the total number of atoms on the void surfaces, as before 
identified as atoms with a Voronoi volume exceeding 20 Å3. The 
quantity 𝑚(23𝑘) denotes the average number of void-surface atoms 
per grid at level 𝑘, and 𝑟 is chosen such that each grid contains at 
most one atom. The parameters 𝑚 and 𝑚𝑖 represent the average atom 
number per grid (ranging from 0 to 1) and the actual atom number 
in the 𝑖th grid (either 0 or 1), respectively. For an ideally uniform 
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Fig. 10. Dependence of fracture strength on strain rate in the RSS and SRO NCs with varying grain sizes during reverse loadings of (a)–(b) loading path 1 and 
(c)–(d) loading path 2.

Fig. 11. (a)–(b) Fracture strength (the maximum tensile stress along the loading direction) at 108 s−1 and (c)–(d) failure strain (the tensile strain at the end of 
period I) for samples with varying grain sizes during lp1 and lp2, respectively.
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Fig. 12. Toughness as the sum of irreversible work and reverse loading work for NC samples with varying grain sizes during (a)–(b) lp1 and (c)–(d) lp2, 
respectively.

Fig. 13. Evolution of pairwise CSRO parameters 𝛼1
NiNi and 𝛼1

CoCr in SRO NCs with varying grain sizes during (a) loading path 1 and (b) loading path 2, respectively. 
Specifically, solid lines denote 𝛼1

NiNi and dash lines indicate 𝛼1
CoCr . Vertical dash lines denote the critical tensile strains for void nucleation. Here, the definitions 

of models follow Fig.  1.

Fig. 14. Evolution of (a) void volume fraction and (b) void surface area fraction in the RSS and SRO NCs at a strain rate of 108 s−1 during the reverse loading 
of lp1. In (a), two distinct periods of void evolution are identified based on the slopes of the void volume fraction curves. (c) Void evolution rate over period I, 
derived from the slope of the void volume fraction curve in (a) using linear fitting.

Acta Materialia 312 (2026) 122263 

13 



Z. Xie et al. Acta Materialia 312 (2026) 122263 
Fig. 15. Representative snapshots illustrating void dynamics in (a) RSS and (b) SRO NC samples with the average grain size of 20 nm for the reverse loading 
(108 s−1) during lp1, respectively. Only void surface atoms are visualized, identified by Voronoi volumes exceeding 20 Å3

.

Fig. 16. Relation between toughness and the average ℎ index in period I of void evolution in the RSS (solid lines) and SRO (dashed lines) NCs at two strain rates 
108 s−1 and 109 s−1 for (a) lp 1 and (b) lp 2, respectively. The three data points of each sample correspond to the grain sizes of 7, 11, and 20 nm, respectively.
atomic distribution, ℎ equals zero, since 𝑚 and 𝑚𝑖 are identical in 
this scenario. For a given spatial atomic distribution, a higher ℎ value 
corresponds to an increasing spatial clustering of void-surface atoms 
and a greater degree of heterogeneity in the distribution. The constant 
8.89 limits the maximum value of ℎ to unity [93]. Although the ℎ
index is computed over the whole simulation domain, its variation is 
governed by the occupied-grid population created at GBs, where voids 
nucleate. The GIs contain negligible void-surface atoms at period I and 
hence contribute minimally to ℎ. Thus, ℎ quantifies the spatial hetero-
geneity of void formation along the GB network: lower ℎ corresponds 
to uniformly distributed GB voids, whereas larger ℎ values indicate that 
voids concentrate in localized GB regions (Figure S19 and S20). Fig.  16 
shows the correlation between toughness and the ℎ index. With all else 
being equal, SRO samples consistently exhibit lower ℎ values than RSS 
samples, indicating more homogeneous void nucleation along the GB 
network. This spatial homogenization delays localized void coalescence 
and correlates with enhanced toughness (Fig.  12).

The link between CSRO and more uniformly distributed void nucle-
ation remains to be clarified. For this purpose, we investigate several 
nucleation sites in the NC alloys. In SRO alloy, the nucleation sites 
coincide with the Ni segregation regions, where significant volumetric 
strain localizes (Fig.  17(b)–(c)), irrespective of grain size and strain 
14 
rate (see Figure S21 and volumetric strain calculation in Note 10 of 
the supplementary material). This preference for void nucleation at 
Ni segregation regions in the SRO NC (with a lattice parameter of 
𝑎0 = 3.565 Å) arises from the lattice mismatch between Ni clusters (𝑎0 =
3.507 Å) and CoCr clusters (𝑎0 = 3.592 Å), which induces tensile residual 
stresses during reverse loading in the Ni regions and compression 
stresses in the neighboring CoCr regions [28]. Consequently, cavitation 
is more likely initiated in the Ni clusters compared to the CoCr clusters. 
Widespread void nucleation within the CSRO clusters in the GBs gives 
rise to the relatively uniform distribution of nanovoids that form during 
the early fracture stage, seen in Fig.  15(b) and characterized by the 
comparatively low ℎ in Fig.  16.

As straining proceeds, void embryos nucleated at preferential sites 
such as Ni segregation regions and triple junctions, grow and coalesce 
along GBs until the cavities link across the material, leading to an 
intergranular fracture morphology perpendicular to the loading direc-
tion (Fig.  17(d)). The energy released by cavitation triggers dislocation 
emissions in the adjacent FCC GIs, as shown in Fig.  17(d). Conse-
quently, void expansion at GBs, along with dislocation glide in FCC 
GIs, results in a rapid decrease in CSRO parameters in the later stages 
of reverse loading for lp1 (Fig.  13(a)). A similar reduction in CSRO 
is also observed in Fig.  13(b) for lp2, once cavitation begins, due to 
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Fig. 17. Cavitation process of the SRO NC with the average grain size of 𝑑 = 20 nm at a strain rate of 108 s−1 during the reverse loading of lp1. The loading 
direction is aligned with the 𝑥 axis. (a)–(c) Void nucleation and its correlation with the CSRO distribution and volumetric strain field. The red dashed lines in 
(b) mark the GB locations identified in (a). (d) Evolution of void dynamics, illustrating the processes of nucleation, growth, coalescence, and penetration. The 
FCC structure is removed for better visualization of defects in GIs.  (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.)
the destruction of locally ordered clusters by void expansion. Since the 
FCC phase possesses higher symmetry and a greater number of active 
slip systems than the HCP phase, allowing it to accommodate plastic 
deformation more efficiently through dislocation glide. This ductile 
accommodation delays stress localization and suppresses premature 
crack propagation. Thus, ductile void growth aided by the FCC phase 
could explain why more FCC phase than HCP phase at the start of void 
nucleation (period I) correlates with greater fracture strength.

4. Discussion

In nanocrystalline FCC systems, plasticity transitions from
dislocation-mediated deformation within GIs to GB-mediated mech-
anisms as the grain size decreases [78,94]. In this context, CSRO 
stabilizes GB configurations and reduces their propensity for irre-
versible atomic rearrangements, thereby increasing the stress required 
to activate GB-mediated deformation. This stabilization contributes to 
the observed strengthening. More broadly, the compositional tunability 
of MPEAs enables the control of GB chemistry through alloying and 
thermomechanical processing, including local segregation and order-
ing, which can significantly influence mechanical performance [95–
99]. In contrast, LD introduces adversarial effects on the GB activ-
ities and plasticity of NC MPEAs. While it can promote dislocation 
nucleation from GBs and reduce their stability [100], it simultaneously 
impedes dislocation glide within GIs due to heterogeneous energy 
barriers [101]. The combined effect of LD therefore leads to a more 
moderate strengthening compared to CSRO.

The role of CSRO in fracture is closely tied to its influence on void 
nucleation and growth. Although voids nucleate preferentially at GBs 
and triple junctions in both RSS and SRO samples, CSRO significantly 
modifies their spatial distribution and coalescence pathways. In SRO 
samples, void nucleation occurs more uniformly across the GB network, 
leading to distributed growth and delayed coalescence. In contrast, 
RSS samples exhibit more localized void formation, which promotes 
earlier failure. This behavior is consistent with experimental obser-
vations in dynamically loaded CoCrNi alloys [16], where increased 
interfacial density enhances damage tolerance. Similar concepts of dis-
tributed nanovoid formation have also been shown to improve fracture 
resistance in other systems [102]. These results suggest that CSRO 
configurations that promote spatially distributed damage evolution are 
particularly beneficial for dynamic fracture resistance.
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Another key aspect revealed in this work is the strong path depen-
dence of CSRO under multi-stage QI loading. The mechanical response 
is governed not only by the initial CSRO state but also by its evolution 
during deformation. Under moderate pre-strain (lp1), CSRO is only 
partially disrupted and retains sufficient connectivity to recover during 
reverse loading. This partial recovery limits irreversible plastic accom-
modation and enables sustained reverse loading work, resulting in 
higher fracture strength and enhanced effective toughness. In contrast, 
severe pre-strain (lp2) largely destroys CSRO, preventing recovery and 
leading to highly dissipative deformation dominated by irreversible 
processes. Consequently, fracture strength and failure strain are re-
duced, even though the overall toughness remains significant. These 
findings demonstrate that the dynamic fracture response is intrinsically 
path-dependent and that the ability of CSRO to persist and recover 
plays a central role in governing damage tolerance.

From a mechanistic perspective, CSRO also modifies the intragranu-
lar deformation mode. Consistent with classical understanding [85,86], 
CSRO induces glide-plane softening, which alters the slip morphology 
from intersecting slip networks in the RSS state to more organized 
arrays of parallel slip bands. This transition leads to macroscopic work 
softening due to strain localization within individual bands. Although 
such localization is typically associated with mechanical instability, 
the concurrent strengthening of GB structures and the modified dam-
age evolution pathways enable CSRO-containing alloys to maintain 
superior strength and fracture resistance. Furthermore, the HCP-to-BCC 
phase transformation observed during loading provides an additional 
mechanism that mitigates excessive softening, suggesting that materials 
exhibiting phase transformations under dynamic loading may benefit 
from similar stabilization effects.

Finally, it is important to assess the degree of realism and limitations 
of the QI loading framework employed here. The imposed uniaxial 
strain condition approximates the loading state in ramp compression 
experiment (Note 5 in the supplementary material), where rapid de-
formation suppresses lateral relaxation. This enables the simulations to 
capture key features of dynamic deformation, including the coupling 
between mechanical work and microstructural evolution. However, the 
accessible timescales in the simulations remain significantly shorter 
than experimental conditions. Despite these limitations, the atomistic 
framework provides valuable mechanistic insights into the interplay be-
tween CSRO, GB-mediated deformation and damage evolution, which 
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are difficult to isolate experimentally. These insights offer a physi-
cally grounded basis for designing MPEAs with improved dynamic 
mechanical performance through controlled chemical ordering. 

5. Conclusions

Using a combination of hybrid Monte Carlo/molecular dynam-
ics (MD) and large-scale MD simulations, we perform a three-stage 
quasi-isentropic (QI) loading procedure (compression-holding-tension 
scheme) on nanocrystalline (NC) CoCrNi multi-principal element al-
loys (MPEAs) with different average grain sizes at varied strain rates 
along two distinct loading paths (lp). The simulations provide insights 
into the underlying mechanisms of plastic deformation and dynamic 
fracture evolution, with a particular focus on grain boundary (GB) 
behavior. The main findings are summarized as follows:

• Under QI compression, CoCrNi MPEA with random atomic distri-
bution exhibits reduced yield strength with decreasing grain size. 
This phenomenon is attributed to enhanced GB relaxation caused 
by more severe grain rotation in samples with smaller grains. 
Introducing chemical short-range order (CSRO) into GBs and 
grain interiors (GIs) lowers GB potential energy and suppresses 
both grain rotation and GB displacement, thereby increasing yield 
strength and weakening the grain size dependence.

• Larger grain sizes facilitate dislocation multiplication within GIs, 
which aids in GB displacement. In samples with CSRO, however, 
preferential coplanar slip leads to progressive degradation of 
CSRO in a loading-history-dependent manner. During reverse 
loading, the partially destructed CSRO is able to recover through 
reversible dislocation activities, contributing to the rejuvenation 
of the material. The rejuvenation capability can be lost when 
extensive plastic deformation induces an unrecoverable CSRO 
destruction.

• Greater GB displacements in NC samples with larger grain sizes 
destabilize GB structures during initial deformation and pro-
mote earlier intergranular void nucleation, consequently reducing 
fracture strength. Fracture strength demonstrates positive strain-
rate sensitivity, while the grain size effect on fracture strength 
diminishes at higher strain rates due to the increased frequency 
of void nucleation and the accelerated expansion of voids.

• Although CSRO promotes void nucleation at GBs due to the 
stress/strain concentration induced by lattice misfit, the resulting 
uniformly dispersed void embryos form rough fracture profiles 
through rugged void connection paths. This hinders void expan-
sion and retards damage accumulation during intergranular frac-
ture, thereby improving the damage resistance of the material.

• The dynamic fracture response of CoCrNi under QI multi-stage 
loading is strongly path-dependent, and the ability of CSRO 
to survive and rejuvenate during reverse loading governs the 
balance between irreversible work and recoverable work. Partial 
CSRO retention along lp1 enables rejuvenation and enhances 
fracture strength and toughness, whereas severe CSRO destruction 
for lp2 suppresses rejuvenation, increases irreversible work, and 
degrades strength and failure strain despite maintaining high 
toughness.
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