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A B S T R A C T   

Recently, CoCrNi medium entropy alloys (MEA) have been the subject of numerous investigations due to their unique mechanical properties such as 
an exceptionally high strength-ductility combination. The resulting superior toughness of CoCrNi MEAs is attributed to an interplay of multiple 
deformation mechanisms, such as twinning, and partial and perfect dislocation glide. The current understanding of MEA deformation mostly stems 
from an indirect analysis of the defect evolution in deformed microstructures, where the contributions of individual mechanisms are assessed from 
the relative concentrations of associated defect structures. Here, we propose that the mechanistic contributions to microstructural deformation are 
more properly reflected by the percentages of total strain accommodation. Using atomistic simulations, the mechanical response of nanocrystalline 
CoCrNi MEA under uniaxial tension is investigated as function of grain size and chemical short-range ordering (SRO). The contributions of 
deformation mechanisms are resolved directly from the amount of strain accommodation by leveraging continuum based kinematic metrics. It is 
found that during initial loading, deformation occurs by partial dislocation slip, in agreement with experimental observations. Under continued 
loading, the governing deformation mechanisms transition to twinning and perfect dislocation slip. Furthermore, the grain size that corresponds to 
the maximum strength is found to decrease in presence of SRO.   

1. Introduction 

Equiatomic multi-component metallic alloys have recently attracted significant attention due to superior mechanical properties, 
such as outstanding radiation resistance and damage tolerance (El-Atwani et al., 2019; Inui et al., 2022). In the case of a ternary or a 
quaternary system, they are referred to as medium entropy alloys (MEA). One of the most widely investigated MEA system is the 
CoCrNi alloy, which is a subset of the CoCrFeMnNi (Cantor) alloy (Garcia Filho et al., 2022). CoCrNi MEA has a single-phase face 
centered cubic (FCC) structure with short-range chemical ordering that depends upon annealing temperature, and lattice distortions 
due to the presence of different atomic species (Zhang et al., 2020a). In several studies, the CoCrNi MEA is found to have both high 
strength and ductility and an exceptional fracture toughness, as compared to other alloys even at cryogenic temperature, making them 
an excellent candidate for applications that require high damage-tolerance (Gludovatz et al., 2016; Naeem et al., 2020; Zhang et al., 
2017). The mechanical properties of CoCrNi MEAs can be further improved through microalloying (Feng et al., 2021; Zhang et al., 
2021), nano-scale reinforcements (Wang et al., 2019a), non-equiatomic alloy compositions (Deng et al., 2021), or novel manufacturing 
methods (Han et al., 2021; Wang et al., 2019b). 

Due to their unique set of properties, the relationship between the mechanical response of CoCrNi MEA and the underlying 
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deformation mechanisms have been the focus of many experimental studies that employ tensile and compressive testing (Ding et al., 
2019; Gao et al., 2022; Laplanche et al., 2017; Li et al., 2022; Miao et al., 2017; Naeem et al., 2020; Praveen et al., 2018; Slone et al., 
2018; Uzer et al., 2018; Zhao et al., 2017). Most of these studies reveal that deformation happens through partial dislocation slip in the 
early stages of loading followed by twinning. The exceptionally high strength-ductility combination of CoCrNi MEA is attributed to the 
synergy among multiple deformation mechanisms, such as twinning, and partial and perfect dislocation glide (Deng et al., 2019; Ding 
et al., 2019; Gludovatz et al., 2016; Laplanche et al., 2017). 

It is proposed that the 3D twin network acts as a barrier to dislocation motion, leading to improvements in strength (Feng et al., 
2020). Notably interconnected twin boundaries also offer several pathways for dislocation glide, which is suggested to simultaneously 
improve ductility by promoting a homogeneous distribution of plastic strain throughout the microstructure (Ding et al., 2019; Zhang 
et al., 2017). Thus, the formation of 3D twin networks is linked with an increase in the work hardening rate, which delays damage 
localization (Laplanche et al., 2017; Naeem et al., 2020; Zhang et al., 2020b). However, experimental evidence supporting this finding 
has largely included qualitative interpretations of defect evolution in microstructures during deformation. In some experimental 
studies, the underlying deformation mechanism is inferred from indirect quantitative measurements, such as change in work hard-
ening rate (He et al., 2021; Laplanche et al., 2017; Li et al., 2022; Miao et al., 2017; Naeem et al., 2020; Uzer et al., 2018; Zhao et al., 
2017), stacking fault probability or texture intensity (He et al., 2021; Naeem et al., 2020) as a function of the applied loading. 

Simulations, capable of providing atomic scale insights, have been employed in several computational studies to elucidate the 
structure-property relationships in CoCrNi MEA and other derivatives of Cantor alloys (Ding et al., 2018a; Jian et al., 2021; Li et al., 
2020a; Tian et al., 2020). Molecular dynamics (MD) simulations have been used in several works to elucidate the role of lattice 
distortion and local chemical ordering on the mechanical properties, such as hardness, yield strength, and ultimate strength (Jian et al., 
2020; Li et al., 2020b; Yang et al., 2022). Ab-initio calculations have been employed to identify and even tailor the effect of chemical 
ordering on fault energies and the values of peaks or local minima in these energies have been used to gauge the relative contributions 
of deformation mechanisms (Ding et al., 2018b; Koch, 2017; Li et al., 2019; Zhang et al., 2020a). Other studies have quantified the role 
of individual deformation mechanism based upon number, length, area, or volume densities of different defect structures or types of 
dislocations during deformation (Hua et al., 2021; Jian et al., 2020; Wang et al., 2022; Xie et al., 2021). However, at the same time it 
has been argued that the contribution of a deformation mechanism to the overall deformation is best quantified by the amount of total 
strain it accommodates (Gupta et al., 2020a; Vo et al., 2008). Moreover, some mechanisms, such as perfect dislocation slip, do not 
leave behind defect traces that can properly reveal its deformation history. 

Other factors, such as the high strain rates and the nanocrystalline (NC) grain sizes usually probed in MD simulations, make direct 
comparisons with experimental measurements, typically carried out at small strain rates and in coarse-grained materials, difficult. 
While inherent limitations remain, atomistic models and simulations, employing novel post-processing analysis, are uniquely situated 
to probe nanoscale mechanisms. In this study, the role of individual deformation mechanisms towards overall strain accommodation 
during uniaxial tensile deformation of NC CoCrNi MEA is quantified from atomistic simulations using continuum based kinematic 
metrics. The variation in the relative contributions of deformation mechanisms as a function of grain size and local chemical ordering is 
presented. The results are discussed in terms of planar fault energies and a twinnability parameter. Finally, the generalizations of these 
simulation results to grain sizes and strain rates typically probed in experiments are provided. 

2. Method 

2.1. Generation of NC structures 

In this study, NC structures of pure Ni are generated from phase field simulations and converted to atomistic structures using the 
method outlined in (Gruber et al., 2017). These structures tend to be more realistic in terms of topologies of grains, grain boundaries 
(GBs), and triple junctions. Next, a two-step equilibration approach (Gupta et al., 2021) is employed, which significantly expedites the 
equilibration process, while still resulting in structural and mechanical properties that would be expected under thermal equilibration 
carried out at 300 K. The resulting set of NC structures have grain sizes ranging from 6 to 12 nm (~0.5 million to 4.3 million atoms), 
around 40 grains, randomly selected grain orientations, and 3D periodic boundaries. These pure Ni NC structures are then used as 
starting structures to create different equiatomic CoCrNi MEA configurations. The initial random elemental distribution for the CoCrNi 
MEA is constructed by randomly replacing 66.66% of Ni atoms with equal amounts of Cr and Co atoms. 

To more broadly survey configurational space, the initial random MEA structures are subjected to hybrid Monte Carlo (MC) - 
Molecular Dynamics (MD) simulations under the variance constrained semi-grand canonical ensemble (Sadigh et al., 2012) at a 
temperature of 350 K, using the following chemical potential differences between Ni-Co μNiCo = 0.021 eV and Ni-Cr μNiCr = − 0.32 eV. 
After every 1 MC cycle, 20 MD steps are performed in which the system is equilibrated in an NPT (isothermal-isobaric) ensemble at 350 
K and zero normal pressure at the periodic boundaries. The MD time-step is 2.5 fs. In a previous study, it is found that the degree of 
short-range ordering (SRO) increases with decreasing annealing temperature and becomes constant below 650 K (Li et al., 2019). In 
the present study, a temperature of 350 K is chosen so that direct comparisons with previous modeling studies can be made in terms of 
the degree of SRO present near room temperature (Jian et al., 2020; Li et al., 2019). In every cycle, MC moves are performed on a 
quarter of the atoms. It is observed that after about 120,000 MC cycles, the system energy converges. The chemical SRO in the final 
MEA that results from the MC-MD simulations, is quantified using Warren-Cowley (WC) parameters (Cowley, 1950). The WC 
parameter αij between atomic species i and j, is defined as 
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αij =
fij − cj

δij − cj
(1)  

where, fij is the number fraction of j-type atom in the 1st nearest neighbor shell of i-type atom, cj is the concentration of j-type atom and 
δij is the Kronecker delta function. Further details regarding the MC-MD simulation method and the WC parameters can be found in 
(Gupta et al., 2020b; Jian et al., 2020; Zhou et al., 2021). An embedded atom method potential is used to model the interatomic 
interactions in these simulations (Li et al., 2019). This potential has also been used and verified in previous studies by comparing lattice 
and elastic constants, cohesive energies and stacking fault energies to density field theory (DFT) calculations (Jian et al., 2020). All 
simulations are performed in LAMMPS (Plimpton, 1995) and visualizations carried in OVITO (Stukowski, 2010). 

2.2. Mechanical testing 

Mechanical behavior of the NC structures in uniaxial tension is simulated via MD. These simulations are performed at a constant 
strain rate and in an NPT ensemble at 1 K and zero normal pressure at the periodic surfaces in the transverse directions. Two strain rates 
of 108 s− 1 and 5 × 108 s− 1 are selected for this study to probe strain-rate effects on deformation behavior. The MD time-step is 1 fs. To 
obtain the stress-strain behavior, the normal component of the resulting global stress tensor along the loading direction is plotted as a 
function of applied strain (i.e., fractional change in length of the simulation box in the loading direction). The slope of the stress-strain 
curve below 1% applied strain is used to obtain elastic stiffness. The yield stress and strain are calculated using the 0.2% offset method 
(Rajaram et al., 2020). The flow stress is the average of stress values in the flow regime (i.e., 6–16% applied strain). 

2.3. Quantification of deformation mechanisms 

The role of individual deformation mechanisms is resolved as a percentage of total strain accommodated in the loading direction at 
any point during uniaxial loading using microscale kinematic metrics (Tucker et al., 2016). For this purpose, the strain tensor of each 
atom is first calculated from the deformation gradient tensor by mapping the changes in the atomic positions of the nearest neighbors 
after deformation (Zimmerman et al., 2009). To calculate the total strain accommodated by individual deformation mechanisms, 
atoms are delineated into different groups corresponding to a given mechanism (i.e., twinning, dislocation slip, grain-elastic and GB 
deformation). The percentage of total loading strain pj, accommodated by a deformation mechanism j, is given by Eq. (2). 

pj =

∑nj
i=1ekk

i ∗ 100
∑N

i=1ekk
i

(2) 

Here, ekk
i is the normal component of the strain tensor of atom i, in the loading direction, k. The summation in the numerator spans 

over all atoms nj, associated with mechanism j, while the denominator denotes the summation of strain tensor components over the 
total number of atoms N, in the NC structure. The fraction of total atoms fj, participating in mechanism j, can then be defined as nj

N. 
The classification of atoms into different deformation mechanisms is based on certain kinematic signatures, such as slip vector, 

microrotation, von Mises strain, and structural environment (FCC/Hexagonal Close Packed/Other) of each atom (Tucker et al., 2016). 
Accordingly, FCC atoms that have a computed slip vector and von Mises strain matching that of perfect dislocation slip, are classified 
into the perfect dislocation group. Similarly, the partial dislocation group contains atoms within stacking faults that have a calculated 
slip vector and von Mises strain associated with the Burgers vector of partial dislocation slip. The twinning group includes atoms 
belonging to twin boundaries and twinned regions. Twinned regions are comprised of FCC coordinated atoms with an additional 
kinematic signature of being traversed by a migrating twin boundary (Gupta et al., 2020a; Tucker and Foiles, 2015). Remaining FCC 
atoms that do not belong to either the dislocation or twinning group, deformed in an elastic manner, and are classified into the 
grain-elastic group. The GB deformation group contains GB atoms that deform either in an elastic manner (i.e., reversible deformation) 
(Gupta et al., 2020a; Rajaram et al., 2020) or by plastic mechanisms, such as GB sliding, migration, and restructuring through atomic 
shuffling or shear events. More details regarding the quantification of deformation mechanisms can be found in (Gupta et al., 2020a). 

2.4. Estimation of fault energies 

The generalized planar fault energy (GPFE) curves are obtained by first creating a single crystalline block for the FCC system of 
interest, with <110>, <112>, and <111> crystallographic directions aligned along the x, y, and z axis of the simulation box, 
respectively. The simulation box has 30, 90, and 120 repeating unit cells along the x, y, and z directions, respectively, and around 
200,000 atoms. Periodic boundary conditions are applied only along the x and y directions. The GPFE curves are obtained from 
displacing the top half of the simulation box in increments of 0.01 Å along the (111) plane in the <112> directions until a stacking fault 
is created. After each increment, the resulting configuration is relaxed using constrained energy minimization, i.e., the system is 
allowed to relax only along the z direction (Li et al., 2019). Samples with stacking faults are used as starting configurations for 
calculating subsequent twinning fault energy curves. To ensure a good statistical representation, 40 different configurations are 
created for CoCrNi samples, both with and without SRO. The calculated GPFE curve for each sample is thus an average of 120 curves 
(40 configurations each of the three different <112> in-plane slip directions). 
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3. Results 

3.1. Structure and mechanical response of NC MEA 

Fig. 1a and 1b show the initial and final structures (i.e., before and after MC-MD simulations) of equiatomic NC CoCrNi MEA, 
respectively, with an average grain size of 12 nm. In the initial structure, there is no SRO. A random distribution of Ni, Co and Cr atoms 
is present, as can be seen in the inset. In the final structure (Fig. 1b), obtained after hybrid MC-MD simulations, some degree of 
chemical SRO is observed, in agreement with experimental findings (Zhang et al., 2020a; Zhou et al., 2022). It should be noted here 
that the presence of SRO is quantitatively established in the experimental studies from the extra diffuse spots observed in diffraction 
and Fast Fourier transform patterns under transmission electron microscopy. From these patterns, the nature of SRO is qualitatively 
suggested to be such that Cr-Cr pairs between the nearest neighbors are strongly suppressed (Zhang et al., 2020a). In a more recent 
study, quantitative atomic-resolution energy dispersive spectroscopy mapping indicated a tendency for avoidance of like-pairs and 
preference for unlike-pairs between the nearest neighbors (Zhou et al., 2022). 

In the current study, preferential bonding between Co and Cr atoms and between like Ni atoms can be seen in the structure with 
SRO (inset to Fig. 1b). The local ordering present in the final structure is quantified in Fig. 1c in terms of the average WC parameters 
between the atomic pairs. The WC parameters for the CoCr and NiNi pairs are large negative and positive values, respectively, 
indicating some degree of clustering between these unlike and like species pairs. On the other hand, the WC parameters for the Ni-Co 
and Ni-Cr pairs are large positive values, indicating a tendency of avoidance of these unlike-pairs. The WC values for the CoCo and CrCr 
pairs are small, which suggests a lack of SRO for those elemental pairs. These trends are consistent with those from previous atomistic 
simulations on CoCrNi MEA (Jian et al., 2020; Yang et al., 2022). 

Table 1 provides the composition of different atomic species in GB and intragranular (IG) regions in the MEA structure with SRO. 
We find that Co and Cr atoms are more segregated towards GBs and Ni atoms are more segregated in IG regions. Fig. 1d shows the 
stress-strain curves obtained from the uniaxial tensile loading of the NC CoCrNi MEA structures of 12 nm grain size at a strain rate of 
108 s− 1. The results for structures with and without SRO are compared. The MEA structure with a random distribution of different 
atomic species (i.e., without SRO) has a lower elastic stiffness, yield strain, yield stress, and flow stress than the structure with SRO 
(Table 2). Similar effects of chemical ordering on the mechanical properties of CoCrNi MEA have also been reported previously (Jian 
et al., 2020). 

Fig. 1. 12 nm grain size NC CoCrNi MEA structures (a) without and (b) with SRO (insets to the figures show a small region with corresponding 
distribution of different atomic species). (c) A bar plot of the average Warren-Cowley parameters, αij, for different atomic species pairs in the final 
NC structure, obtained after hybrid MC-MD simulations. (d) Stress-strain curves of the 12 nm grain size NC MEA structures with and without SRO as 
obtained from the uniaxial tension MD simulations at a strain rate of 108 s− 1 (plotted values are the averages obtained from loading along the three 
orthogonal directions). 
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3.2. Deformation mechanisms in NC MEA 

The percentages of total strain accommodated by different deformation mechanisms pj, during the uniaxial tensile loading of the 
two MEA structures are shown in Fig. 2a. In both structures (i.e., with and without SRO), the total tensile strain is accommodated 
between the GBs and the elastic deformation of grains during the early stage of loading (i.e., before yield). By delineating the elastic 
and the plastic components, it was previously shown that most of the strain accommodated by GBs during this initial loading is also 
elastic in nature and vanishes upon unloading (Gupta et al., 2020a; Rajaram et al., 2020). On continued loading, the amount of plastic 
strain accumulated in the GBs due to micro-yielding events (Gupta et al., 2020a; Rajaram et al., 2020), and hence the total GB strain 
increases while the elastic strain in the grains decreases, as can be seen in Fig. 2a. At some critical value of applied strain, the 
contribution of dislocation mechanisms towards strain accommodation also starts to rise. This value is larger for the MEA structure 
with SRO. With further increases in load, twinning begins to accommodate strain. 

The average contribution of different mechanisms during the flow regime pj, in terms of percentage of total strain accommodation 
(i.e., pj averaged over 6-16% applied strain), is shown in Table 3. GB mechanisms (e.g., sliding, atomic shuffling, etc.) are observed to 
accommodate a significant amount of microstructural strain during the flow regime. However, all the IG mechanisms combined 
accommodate the largest amount of strain (i.e., greater than 50%) and therefore, govern the deformation response at this grain size (i. 
e., 12 nm), regardless of the degree of SRO. The contribution of dislocation slip is the highest amongst the IG mechanisms. The 
contribution of twinning is relatively small, and the remaining IG strain is accommodated by elastic deformation of grains and defect 
structures formed inside the grains due to the intersection of dislocations and twins gliding on different planes (i.e., the “other” group/ 
mechanism in Fig. 2a). These mechanisms are illustrated in Fig. 3. It should be noted here that we don’t observe large amorphous 
regions in these deformed MEA structures unlike experimental microstructures subjected to extreme deformation (Ming et al., 2020; 
Zhao et al., 2021) or atomistic structures tested under quasi-isentropic compression or shock loading (Jian et al., 2022; Xie et al., 
2022). 

Table 3 shows that the grain-elastic contribution to overall deformation is comparatively large, even in the flow regime. In NC 

Table 1 
Composition of different atomic species in the grain boundary (GB) and intragranular (IG) regions of the 12 nm grain size 
NC CoCrNi MEA structure with SRO.  

Region Ni (%) Co (%) Cr (%) 

Grain Boundary (GB) 28.3 36.2 35.4 
Intragranular (IG) 34.8 32.5 32.7  

Table 2 
Mechanical properties of the 12 nm grain size NC CoCrNi MEA structures with and without SRO as obtained from the uniaxial tension stress-strain 
curves (values are the averages obtained from loading along the three orthogonal directions along with their standard deviations).  

MEA configuration Elastic Stiffness (GPa) Yield Strain (%) Yield Stress (GPa) Flow Stress (GPa) 

With SRO 155.4 ± 9.0 2.69 ± 0.04 3.86 ± 0.28 5.84 ± 0.09 
Without SRO 145.6 ± 7.8 2.21 ± 0.03 2.90 ± 0.19 4.63 ± 0.06  

Fig. 2. Percentages of total strain accommodation pj, by (a) individual deformation mechanisms and (b) delineated IG mechanisms, as a function of 
applied strain, during the uniaxial tensile loading of the 12 nm grain size NC CoCrNi MEA structures with (solid lines) and without (dashed 
lines) SRO. 
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metals, the grain-elastic contribution to total strain is expected to be higher than that of their coarser-grained counterparts. The large 
degree of elastic strain is a consequence of the higher stresses necessary to induce plastic deformation in NC metals (Gupta et al., 
2020a). The grain-elastic contribution decreases during the later stages of flow as the contribution of GB mechanisms and additional IG 
mechanisms such as twinning increases (Fig. 2a). In the flow regime (Table 3), the average contributions of GB mechanisms and 
dislocation slip are slightly higher in the MEA structure without SRO, while twinning is more pronounced in the MEA structure with 
SRO. 

Fig. 2b further delineates the resolved contributions towards strain accommodation of dislocation and twinning in the two MEA 
structures. Partial slip starts accommodating strain around 3% and 2% applied strain in MEA structures with and without SRO, 
respectively. The contribution of partial slip peaks around 10% applied strain and tends to decrease afterwards in both structures. On 
the other hand, the contribution of perfect dislocation slip rises around 6% and 5% applied strain, respectively, in MEA structures with 
and without SRO, and increases monotonically with continued straining. The percentage strain accommodated by twinning increases 
around same time as perfect dislocation slip, i.e., at 6% applied strain in the MEA with SRO. Twinning activates after perfect dislo-
cation slip, at around 8% applied strain in the MEA without SRO. 

Twinning and perfect dislocation slip exhibit similar strain accommodation in the MEA structure with SRO, but twinning ac-
commodates less strain than perfect slip in the MEA structure without SRO (Fig. 2b). In both structures, the contributions of twin 
boundaries relative to twinned regions (i.e., between two twin boundaries) are similar. Furthermore, while partial dislocation slip 
accommodates the highest amount of strain, its contribution becomes comparable to the total contribution of perfect dislocation slip 
and twinning at large values of applied strain. The trends seen in Fig. 2b suggest that perfect slip and twinning together should overtake 
partial slip as the dominant IG mechanism when the uniaxial strain is increased beyond 16%. However, this mechanistic cross-over 
would take place at a smaller value of the applied strain in the MEA structure with SRO because the local chemical ordering makes 
twinning more pronounced, and as shown in Fig. 2b, the contribution of partial slip towards strain accommodation decreases as 
compared to the MEA structure without SRO. It should be note here that the trend observed in Fig. 2b is confirmed by continuing the 
loading of MEA structure with SRO till 24% strain. It is found that the combined contribution of perfect slip and twinning surpasses 
partial slip at around 19% applied strain and the contribution of twinning relative to perfect slip becomes higher on continued loading 
(Supplementary Fig. 1). 

3.3. Effect of grain size 

The variation in average contributions of deformation mechanisms during the flow regime pj, as a function of grain size, is pre-

Table 3 
Average percentages of total strain accommodation by individual deformation mechanisms pj, during the flow regime of the uniaxial tensile loading of 
the 12 nm grain size MEA structures with and without SRO.  

MEA configuration Grain-Elastic Dislocation Twinning Other IG GB 

With SRO 25.39 29.05 5.78 3.12 63.34 36.15 
Without SRO 19.97 30.92 3.70 3.69 58.28 41.19  

Fig. 3. Slices through deformed NC MEA structure of 12 nm grain size with SRO, at 16% applied strain. Atoms in slices are colored according to 
crystal structure, deformation mechanisms, and von Mises strain. 
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sented in Fig. 4a, for MEA structures with and without SRO. For this grain size effect study, the tensile testing simulations were 
performed at a strain rate of 5 × 108 s− 1, in order to reduce the total simulation time. The trends in the variation of SRO for atomic 
species pairs are similar across different grain sizes as shown in Fig. 4b, experiencing only a slight increase in the magnitudes as grain 
size decreases from 12 nm to 6 nm. The flow stress, however, is more sensitive to grain size. 

The flow stress of structures with SRO initially increases on decreasing the grain size below 12 nm, peaks around a grain size of 8 
nm, and then decreases with further reductions in grain size (Fig. 4c). 8 nm is found to be the strongest grain size in NC MEA with SRO; 
smaller than the value reported for NC Ni (Gupta et al., 2020a). The flow stress of NC structures without SRO is smaller than the ones 
with SRO across all grain sizes (Fig. 4c), but the trends in their variation are similar. The strongest grain size in NC MEA without SRO is 
found to be 10 nm, larger than that of NC MEA with SRO. This variation would suggest a change in the dominant mechanism with grain 
size (Gupta et al., 2020a; Spearot et al., 2019). 

Fig. 4a shows that as the grain size decreases, the contribution from GB mechanisms (e.g., sliding, atomic shuffling, etc.) increases 
while that of IG mechanisms (mainly dislocation slip) decreases in both MEA structures, i.e., with and without SRO. Below a grain size 
of 8 nm, GB mechanisms become the dominant deformation mechanism in MEA structures with SRO, since it accommodates the most 
amount of strain. As compared to MEA structures with SRO, the contribution of GB mechanisms is higher in MEA structures without 
SRO across all grain sizes. Reverse is true for the contribution of IG mechanisms. Therefore, GB mechanisms become the dominant 
deformation mechanism at a larger grain size in MEA structures without SRO. 

The grain size at which the mechanistic cross-over between the GB and the IG mechanisms occurs (Fig. 4a), also corresponds to the 
maximum strength, calculated in terms of flow stress (Fig. 4c) for both MEA structures. This is an important finding. It verifies the 
previously proposed notion that the maximum strength of polycrystalline materials corresponds to the grain size regime, where the 
dominant deformation mechanism changes (Spearot et al., 2019). However, in agreement with a more recent study (Gupta et al., 
2020a), it is found that the mechanistic transition at maximum strength is between GB mechanisms and all IG mechanisms combined 
and not just twinning or dislocation slip, as presumed earlier (Spearot et al., 2019). 

4. Discussion 

4.1. Nucleation of leading partials 

The aforementioned deformation behavior of MEA alloys is now considered on the basis of the energies of different planar faults in 
FCC materials, calculated from the GPFE curves in Fig. 5a. The results for pure Ni are also included for comparison. The contributions 
of IG mechanisms during the uniaxial tensile loading of NC Ni, as a function of the applied strain, are shown in Fig. 5b. Table 4 provides 
some quantities of interest from the GPFE curves. The first one is the energy barrier associated with the nucleation of the leading partial 
dislocation, i.e., the unstable stacking fault energy (γus). A higher value of γus suggests that a larger stress will be required to nucleate a 
leading partial (Rice, 1992; Van Swygenhoven et al., 2004). This explains the higher yield strength of the NC MEA structure with SRO, 

Fig. 4. (a) Average percentages of total strain accommodation by individual deformation mechanisms during the flow regime pj, as a function of 
grain size of the NC MEA structures with (solid lines) and without (dashed lines) SRO, obtained from the uniaxial tensile loading at a strain rate of 5 
× 108 s− 1. (b) Bar plots of the average WC parameters αij, in the NC MEA structures with SRO of different grain sizes. (c) Variation of flow stress as a 
function of grain size in the NC MEA structures with (solid lines) and without (dashed lines) SRO. 
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as it is found that γus increases with SRO, in agreement with previous studies (Jian et al., 2020; Li et al., 2019; Yang et al., 2022). 
As shown in Fig. 6, the emission and propagation of a leading partial from the GBs occur at a larger value of applied strain in the 

MEA structure with SRO than the one without. A trend also reflected in Fig. 2b, where the contribution of partial dislocation slip is seen 
to rise at a larger value of applied strain in the MEA structure with SRO. In both structures (Fig. 6a and b), however, partial dislocations 
emit from the GB regions with von Mises strain above a critical value, indicative of some minimum GB deformation associated with the 
nucleation of a partial dislocation. This suggests that deformation occurs by stress-assisted free volume migration and atomic shuffling 

Fig. 5. (a) GPFE curves for the stacking (solid lines) and twin (dashed lines) fault planar defects in MEA CoCrNi, with and without SRO, and Ni. The 
unit length along <112> direction is equal to the Burgers vector of partial slip. (b) Percentages of total strain accommodation by IG mechanisms pj, 
as a function of applied strain, during the uniaxial tensile loading of NC Ni structure of 12 nm grain size at 108 s− 1 strain rate. 

Table 4 
Energies and parameters of interest, calculated from the GPFE curves of MEA CoCrNi, with and without SRO, and Ni (energies for MEA are the 
averages obtained from 120 curves along with their standard deviations).  

FCC systems γus (mJ/m2) γsf (mJ/m2) γut (mJ/m2) γsf

γus 

ζ 

MEA with SRO 355.5 ± 5.3 73.1 ± 8.6 429.5 ± 6.9 0.20 1.01 
MEA without SRO 309.6 ± 4.5 − 7.7 ± 3.9 310.2 ± 5.9 0.02 1.14 
Ni 250.1 121.6 307.1 0.49 0.96  

Fig. 6. Slices through NC MEA structures of 12 nm grain size (a) without and (b), (c) with SRO, deformed under uniaxial tension at a strain rate of 
108 s− 1. Atoms in the slices are colored according to (a), (b) von mises strain and (c) crystal structure (Co, Cr atoms at the GBs with magnitude of 
WC parameters greater than 0.58, are also highlighted in white). 
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events in the GBs (Van Swygenhoven et al., 2002). 
In the MEA structure with SRO, the partials can be seen emitting from the CoCr clusters in the GBs with larger degree of chemical 

ordering (Fig. 6c), which also maps to regions of high von Mises strain shown in Fig. 6b. In a previous computational study (Jian et al., 
2020), CoCr clusters were suggested to be the preferential nucleation site due to their smaller γus, compared to pure Ni. However, the 
contribution of the GB mechanisms towards overall strain accommodation during the uniaxial loading of MEA structures, is found to be 
higher when Co, Cr and Ni atoms were distributed randomly (Fig. 2a). Therefore, these results suggest that the presence of local 
chemical order should strengthen the GBs, as also reported in experiments (Schuh et al., 2018). 

4.2. Competition between partial and perfect dislocation slip 

Once the leading partial is emitted from the GB, the energy barrier for the nucleation of the trailing partial dislocation is pro-
portional to γus − γsf (Rice, 1992), where, γsf is the stacking fault energy. Using MD simulations, it is previously shown that the ratio, γsf

γus
, 

dictates the nature of dislocation activity (i.e., perfect versus partial slip) in several NC materials (Van Swygenhoven et al., 2004). In 
the current study, this ratio is calculated to be small (i.e., < 0.2) for both MEA configurations (Table 4). On the contrary, the γsf

γus 
ratio is 

higher in NC Ni (Table 4), where perfect dislocation slip is found to be the dominant IG deformation mechanism during uniaxial tensile 
loading (Fig. 5b), another result in tandem with the findings of experimental studies that reported no increase in either stacking fault or 
twin density during tensile deformation of NC Ni (Frøseth et al., 2004). 

The higher γsf
γus 

ratio found in case of pure Ni, represents a smaller energy barrier for the nucleation of the trailing partial at the GBs, 

Fig. 7. Slices through deformed NC MEA structure of 12 nm grain size with SRO, at different percentages of applied strain (elastically deformed 
atoms are not shown). Atoms in the slices are colored according to crystal structure and deformation mechanisms (atoms in GB mechanisms are 
colored according to von Mises strain). 

A. Gupta et al.                                                                                                                                                                                                          



International Journal of Plasticity 159 (2022) 103442

10

which allows for the observation of perfect dislocation even at lower applied strains. However, in the case of NC MEA structures with 
smaller values of γsf

γus
, the energy barriers for nucleating the trailing partial are higher. Therefore, partial dislocation slip is observed to be 

the dominant IG mechanism in MEA structures and perfect dislocation slip that requires nucleation of a trailing partial, tends to 
accommodate strain only during later stages of deformation (Fig. 2b). Within the two MEA structures, the γsf

γus 
ratio is smaller for the 

structure without SRO, which explains its larger contribution of partial slip as compared to the structure with SRO (Fig. 2b). 

4.3. Competition between perfect dislocation slip and twinning 

Perfect dislocation slip in the NC MEA occurs through the nucleation of a trailing partial at the GB and its glide on the same slip 
plane as the leading partial, as shown in Fig. 7. Two different twinning mechanisms (Jian et al., 2020) are observed during deformation 
of NC MEA (Fig. 7). The first mechanism (Twin 1) involves nucleation of a second leading partial at the GB and its glide on a slip plane 
adjacent to the first leading partial, thus making GBs the twinning source. Qualitatively, this twinning mechanism appears to be most 
prevalent. The second mechanism (Twin 2) involves glide of two leading partials along two different slip planes that intersect within a 
grain and the intersection point acts as the intragranular twin source. In line with experimental findings (Laplanche et al., 2017; Li 
et al., 2022; Praveen et al., 2018; Slone et al., 2018), most of the twins observed in the current study are nano-twins, as also reflected by 
the similar amount of strain accommodation in twin boundaries and twinned regions (Fig. 2b). 

The energy barrier for nucleation of a twinning partial is controlled in part, by the unstable twin fault energy (γut). Tadmor and Hai 
(2003) developed a criterion for calculating the twinning propensity as the ratio of the critical stress intensity factors (based upon 
Rice’s formulation (Rice, 1992)). Once a leading partial dislocation has been emitted at a crack-tip, the ratio represents the competition 
between the nucleation of the trailing partial causing a perfect dislocation or the nucleation of another leading partial dislocation on an 
adjacent slip plane forming a nano-twin. Tadmor and Bernstein (2004) extended this criterion and introduced a twinnability 
parameter, ζ, defined as the twinning propensity normalized over all possible orientations of crack tips and slip systems in an FCC 
system. An approximate analytical expression of τ only depends on the ratios of different fault energies, i.e., 

ζ =

(

1.136 − 0.151
γsf

γus

) ̅̅̅̅̅̅
γus

γut

√

(3) 

According to this formulation, twinning is favored over perfect dislocation slip when ζ > 1, which is more likely for smaller γsf
γus 

and 
larger γus

γut
. It is important to note that the propensity of a mechanism to operate is defined here by the critical stress required for its 

nucleation, which should translate to a number of such events. However, each unit mechanism can have varying degrees of loading 
strain accommodation and/or number of participating atoms. Therefore, any comparison between predictions from this formulation 
(Eq. (3)) and simulation/experimental findings should be done carefully. While some studies directly compute/measure critical 
nucleation stress (Tadmor and Hai, 2003), others have used the amount of defect structure related to a mechanism, as a measure of its 
tendency (Tadmor and Bernstein, 2004; Zhang et al., 2017). In this study, we make comparisons based upon both percentage of total 
strain accommodated in loading direction (pj) and fraction of total atoms (fj) participating in twinning and perfect slip mechanisms. 

Fig. 8a shows the ratios of contributions of twinning to perfect dislocation slip, as a function of the applied strain, during the later 
stages of loading for the NC MEA and Ni structures. Here, the contributions are calculated both in terms of percent total strain ac-
commodation, i.e., ptwinning

pperfect slip
, and fraction of participating atoms, i.e., ftwinning

fperfect slip
. It can be observed that ptwinning

pperfect slip
≅ 1 and ptwinning

pperfect slip 
<

ftwinning
fperfect slip 

for 

the MEA structure with SRO. For MEA without SRO and Ni structure, ptwinning
pperfect slip

< 1, and ptwinning
pperfect slip

≅
ftwinning

fperfect slip
. It implies that the amount of 

strain accommodated per atom in perfect slip and twinning mechanisms are not identical in the MEA structure with SRO, in contrast 

Fig. 8. (a) Ratios of contributions of twinning mechanism to perfect dislocation slip mechanism, calculated in terms of percent total strain ac-
commodation ptwinning

pperfect slip
, and fraction of participating atoms ftwinning

fperfect slip
, plotted as function of applied strain during the uniaxial tensile testing of the 12 nm 

grain size NC structures of MEA with and without SRO, and Ni. Slices through deformed NC MEA structure of 12 nm grain size with SRO at 10% 
applied strain, colored according to (b) atom type and (c) atomic hydrostatic stress. 
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with the MEA structure without SRO and the Ni structure. The total strain accommodation per unit mechanism may vary further 
depending on the number of atoms comprised within a unit. 

With the above caveats in place, we now compare the MD simulation results of the relative contributions of twinning mechanism to 
perfect dislocation slip (Fig. 8a) with the respective twinning propensities calculated from ζ (Table 3) for different NC structures. ζ =
0.96 for pure Ni, which indicates that the critical stress is only slightly smaller for perfect slip than twinning, however, the atomistic 
simulations reveal almost no twinning in NC Ni structure in line with experimental observations (Frøseth et al., 2004). The relative 
contribution of twinning increases with applied strain in the MEA structure without SRO (Fig. 8a); however, it still remains smaller 
than the contribution of perfect dislocation slip at the end of loading, in contrast with the value of ζ (i.e., greater than 1). Thus, it can be 
said that the analytical formulation over-predicts the twinning contribution for these NC structures. This is plausible because the 
analytical formulation is derived for the crack tips where twins can easily nucleate due to stresses intensities, however, in NC 
structures, GBs often act as the twinning nucleation sites. 

Twinning can be pronounced in NC structures wherein local GB structures can produce stress intensities (van Swygenhoven et al., 
2003). It can be the case with MEA structure with SRO, where the value of ζ and the ratio of total strain accommodated in twinning to 
perfect dislocation slip mechanisms, are in agreement and close to one. In presence of SRO, the stress is more localized within the CoCr 
clusters as Ni-rich regions (Fig. 8b) correspond with the areas of zero hydrostatic stress (Fig. 8c), calculated as the first invariant of 
atomic stress tensor. The stress localization within these CoCr clusters that are also found to act as the preferred partial nucleation sites, 
can make twinning more pronounced and comparable with perfect dislocation slip. 

Moreover, GPFE calculations only indicate the tendency of formation of a single defect, however, interactions between multiple 
defects in presence of SRO increases resistance to dislocation propagation, which is also suggested to promote twinning (Jian et al., 
2020; Xie et al., 2022; Yang et al., 2022). Regardless of SRO, the relative contribution of twinning is more substantial in CoCrNi MEA 
structures, in contrast to pure Ni. Moreover, as seen in Fig. 2b, a cross-over between the combined mechanistic contributions of perfect 
dislocation slip and twinning, and the partial dislocation slip can be expected at values of applied strain above 16% in NC MEA 
structures. Thus, twinning and perfect dislocation slip can become dominant mechanisms in terms of microstructural strain accom-
modation during large deformation. This could explain the high ductility of MEA alloys. 

4.4. Comparison with experiments 

In experimental studies involving CoCrNi MEA, it is reported that deformation initially occurs by partial dislocations (Ding et al., 
2019; Laplanche et al., 2017; Miao et al., 2017; Naeem et al., 2020; Slone et al., 2018; Uzer et al., 2018; Zhao et al., 2017). This 
experimental finding agrees well with our simulation results. The current study shows that together twinning and perfect dislocation 
glide should become the dominant IG mechanism on continued loading (i.e., >16% applied strain). In most experimental studies, 
twinning is listed as the dominant deformation mode during later stages of loading (Ding et al., 2019; Laplanche et al., 2017; Li et al., 
2022; Miao et al., 2017; Naeem et al., 2020; Uzer et al., 2018; Zhao et al., 2017). But this comparison is often made against partial slip 
based on number of stacking faults and twin boundaries observed in the deformed microstructure. 

In some experimental studies, it is stated that large deformation results in high dislocation densities; and their organization is 
attributed to the observation of dislocation cell structures in highly deformed CoCrNi MEA (Gao et al., 2022; Gludovatz et al., 2016; 

Fig. 9. (a) Ratios of contributions of perfect slip and twinning mechanisms combined to partial slip mechanism, calculated in terms of percent total 
strain accommodation ptwinning + pperfect slip

ppartial slip
, and fraction of participating atoms ftwinning + fperfect slip

fpartial slip
, as function of applied strain during the 108 s− 1 uniaxial 

tensile testing of NC MEA structure with SRO and 12 nm grain size (b) Ratio of averages of percent total strain accommodation in the twinning and 

perfect slip mechanisms combined to partial slip mechanism during the flow regime ptwinning + pperfect slip
ppartial slip

, as function of average grain size of the NC MEA 

structure with SRO. 

A. Gupta et al.                                                                                                                                                                                                          



International Journal of Plasticity 159 (2022) 103442

12

Laplanche et al., 2017; Uzer et al., 2018). This could indicate pronounced perfect dislocation slip activity as well during later stages of 
deformation; however, the densities of dislocations and twins are not directly compared in these studies. Therefore, further experi-
mental investigations are needed to validate the current simulation finding that both perfect dislocation slip, and twinning are the 
governing deformation mechanisms in CoCrNi MEA at larger values of applied strain. 

As mentioned earlier, a comparison of the number/area/volume density of defect structures to assess the contribution of corre-
sponding deformation mechanism might be misleading. For example, the ratios of contribution of perfect slip and twinning mecha-
nisms to partial slip mechanism, calculated both in terms of percent total strain accommodation ptwinning + pperfect slip

ppartial slip
, and fraction of 

participating atoms ftwinning + fperfect slip
fpartial slip

, are shown in Fig. 9a for the MEA structure with SRO. The ratio calculated in terms of percent total 
strain accommodation is higher. It is because that both perfect dislocation slip and twinning mechanisms accommodate more strain per 
atom as compared to partial slip (Fig. 3). Moreover, even the same type of defect structure can have different strain accommodation 
due to the operation of multiple instances of a deformation mechanism. For example, two kinds of twins, and slipped regions by perfect 
dislocations can be seen in the deformed structure (Fig. 3) that exhibit different von Mises strain. 

Lastly, any extrapolation between the simulation and the experimental findings must be performed with extreme caution due to 
several factors. One major consideration is the strain rate employed in MD simulations, which is often several orders of magnitude 
higher than experiments. It is previously suggested that during the short timescales that can be reasonably accessed by MD simulations, 
observation of perfect dislocation slip or twinning can be difficult, especially when the energy barrier for the nucleation of trailing 
partial or twin is large (Van Swygenhoven et al., 2004). However, this energy barrier can be overcome through GB relaxations or 
thermal fluctuations if the strain is increased slowly, as typically happens in experiments. Therefore, observation of large partial 
dislocation activity in MD simulation might be an artifact of the extremely fast loading rate. 

In the current study, it is observed that the ratio of strain accommodation in the twinning and perfect slip mechanisms combined to 
the partial slip mechanism ptwinning + pperfect slip

ppartial slip
, at the end of loading of the 12 nm grain size MEA CoCrNi structure, decreases from 0.87 to 

0.78, when the strain rate is increased from 108 s− 1 to 5 × 108 s− 1. It indicates an increase in the contribution of partial slip to overall 
deformation when the strain rate is increased. Thus, it can be expected that on decreasing the strain rate to experimental values (i.e., of 
the order of 0.1–10 s− 1), the contribution of partial slip decreases; and the perfect slip and twinning can be the dominant mechanisms 
at smaller values of applied strain. While a direct quantification of this cross-over strain eludes experimental studies, it can be roughly 
estimated from the strain value at which the strain hardening rate changes. This is reported to be between 8 and 10% in experimental 
studies (Miao et al., 2017; Naeem et al., 2020; Slone et al., 2018), smaller than the value found from the extrapolation of Fig. 2b. in the 
current study. The ratio of strain accommodation in the twinning to perfect slip mechanism ptwinning

pperfect slip
, at the end of loading, is found to 

increase from 1.09 to 1.19 on increasing the strain rate, which suggests a rise in twinning propensity with strain rate. Recent 
experimental studies employing tensile tests over a wide range of strain rates (i.e., 10− 3 to 103 s− 1), have confirmed this trend as well, 
where higher strain rate was reported to promote deformation twinning in CoCrNi MEA (Gao et al., 2022). 

The other major difference between the simulation and experimental studies is the grain size regime surveyed. High density of 
twins, stacking faults, and dislocations are also reported in some experimental studies on NC CoCrNi MEA with 50 nm grain size 
(Praveen et al., 2018). In the current simulation study, the contribution of GB mechanisms decreases as the grain size is increased from 
6 nm, with the IG mechanisms being the dominant deformation mechanism above 8 and 10 nm grain sizes in MEA structures with and 
without SRO, respectively (Fig. 4a). In the coarse-grained regime, the contribution of GB mechanisms can be expected to be minimal; 
with the operation of IG sources, such as Frank-Read, responsible for nucleation of dislocations and twins as compared to NC GBs 
(Spearot et al., 2019), which could further influence the relative contributions of IG mechanisms. Here, we don’t find a steady trend in 
the variation of the ratio of percentages of total strain accommodation in the twinning and perfect slip mechanisms combined to partial 

slip mechanism ptwinning + pperfect slip
ppartial slip

, when the grain size is decreased from 12 nm to 6 nm (Fig. 9b). 

5. Conclusions 

In this work, the deformation behavior of NC CoCrNi MEA alloys under uniaxial tension is investigated using large-scale MD 
simulations. The contributions of underlying deformation mechanisms towards overall strain accommodation are quantified using 
post-processing kinematic metrics and explained using estimates of planar fault energies. Specifically, the variations in the mechanistic 
contributions with grain size and SRO are studied. In summary, this research has shown the following:  

• The contribution of partial dislocation slip is found to be the highest amongst all IG deformation mechanisms based upon the 
amount of strain accommodation. The contribution peaks around 10% applied strain and tends to decrease afterwards, which 
suggests that partial slip is the dominant IG mechanism during the initial loading in agreement with experimental findings. The 
large partial slip activity is attributed to small γsf

γus 
ratio, whose value is found to decrease further with decreasing SRO.  

• The trends in the variation of mechanistic contributions with applied strain indicate that the combined contribution of perfect 
dislocation slip and twinning mechanisms towards strain accommodation should become larger than the contribution of partial 
dislocation slip at larger values of applied strain. This result is in partial agreement with the experimental observation, where 
twinning is listed as the dominant deformation mode during later stages of loading, however, its contribution is not directly 
compared with perfect dislocation slip in such experimental studies. 
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• CoCrNi MEAs are found to have a larger γus
γut 

ratio and a smaller γsf
γus 

ratio than pure Ni and thus, a higher twinning propensity; a trend 
also reflected in the relative contributions of deformation mechanisms from MD simulations. However, MD simulation results 
further suggest twinning to be more pronounced in the MEA structures with SRO than the ones without.  

• The grain size that exhibits maximum flow stress is found to be smaller in NC MEA structures with SRO than the ones without. This 
finding suggests that in addition to increasing the strength, SRO delays the inverse Hall-Petch effect by lowering the contributions 
of GB mechanisms (e.g., sliding, atomic shuffling, etc.) across all grain sizes. Consequently, the strongest grain size below which 
GBs are found to govern the overall deformation, decreases in presence of SRO. It also verifies an important notion that the 
maximum strength of NC metals/alloys corresponds to a grain size where dominant deformation mechanism transitions from IG to 
GB based mechanisms. 
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