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a b s t r a c t 

In this work, molecular dynamics simulations are conducted to investigate the shock responses and cor- 

responding deformation mechanisms in single crystalline (SC) and nanocrystalline (NC) microstructure of 

the medium entropy alloy (MEA) CoCrNi. The effects of lattice distortion (LD) and chemical short-range 

order (CSRO) on the shock wave propagation, defect evolution, and the cavitation process are explored to 

distinguish the unique shock properties of MEA. The results reveal an anomalous anisotropy in the Hugo- 

niot elastic limit different from that seen in pure FCC metals since LD reduces the barrier for Shockley 

partial (SP) formation but increases the resistance for SP propagation. With sufficient dislocations nu- 

cleated in the first shock compression stage, LD aids in the formation of nanotwins by slowing down 

dislocation propagation in the following release and tension stages. However, because a higher degree of 

CSRO increases the average intrinsic stacking fault energy above that of the random material, more stack- 

ing faults annihilate in the release stage, reducing the chances for nanotwinning. We show that voids 

prefer to nucleate at Ni segregation sites (with high CSRO) due to the large hydrostatic tensile strain cre- 

ated by the lattice mismatch between the neighboring Ni and CoCr regions, and moreover, the nucleation 

event favors the grain boundary during spallation in NCs. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

In 2004, Yeh et al. [1] and Cantor et al. [2] independently pro- 

osed that stable single-phase solid solutions can be produced 

y tuning the configurational entropy of a nominally equi-atomic 

ulti-element alloy system. Since then, the number of families of 

uch multi-principal element alloys (MPEAs) has greatly expanded. 

hey can include either alloy systems with four to six principal 

lements, like the originally proposed high entropy alloys (HEAs) 

1,2] , or with three elements, often referred to as medium entropy 

lloys (MEAs) [3] . MPEAs have displayed extraordinary mechani- 

al properties, such as high strength [4–6] , excellent corrosion and 

rradiation resistance [7–10] , outstanding fracture toughness [11–

3] , and remarkable fatigue and creep resistance [14–18] , making 
∗ Corresponding authors. 
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hem promising candidates for next-generation structural materi- 

ls. The MEA, CoCrNi, in particular, is one representative FCC MPEA 

hat has demonstrated exceptional tensile strength, ductility and 

oughness under quasic-static loading [12,13,19,20] , excellent per- 

ormance at low temperatures [3,13,21] , and a desirable combina- 

ion of high shear strength and uniform shear strain under dy- 

amic shear loading [22] . 

To date, the mechanical properties of MPEAs have been mainly 

tudied under quasi-static loading with strain rates, usually rang- 

ng from 10 −4 s −1 to 10 −1 s −1 , [21,23–29] . Future transportation 

nd defense technologies, however, demand structural materials 

hat are also robust in extreme environments, involving dynamic 

oading. In view of their excellent performance under the quasi- 

tatic loading, it is vital to also investigate the dynamic properties 

f MPEAs. 

In this regard, some research studies have focused on the 

edium high-rate behavior of MPEAs, using the Split Hopkin- 

on Pressure Bar laboratory testing apparatus [30–36] . Dynamic 

https://doi.org/10.1016/j.actamat.2021.117380
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.117380&domain=pdf
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ompression, tension and compression/tension shear-coupling ex- 

eriments under medium-high strain-rates, ranging from 10 3 s −1 

o 10 4 s −1 [37–40] are possible with this set up. By com- 

aring quasi-static and dynamic compression responses, stud- 

es using Hopkinson Pressure Bar have reported high strain- 

ate sensitivity in face-centered cubic (FCC) HEAs (e.g., FeCoNi- 

rMn [30,34,41] and Al 0 . 1 CrFeCoNi [31,42] ), body-centered cu- 

ic (BCC) HEAs (e.g., AlCoCrFeNiTi x (x = 0, 0.2, 0.4) [33] and 

lCoCr 1 . 5 Fe 1 . 5 NiTi 0 . 5 [32] ) and FCC/BCC bi-phase HEAs (e.g., Al- 

rCuFeNi 2 [36] and Al 0 . 6 CoCrFeNi [43] ). Dynamic compression, 

ompared with quasi-static compression, tends to generate dis- 

ocation networks and forest dislocations in Al 0 . 1 CrFeCoNi and 

l 0 . 6 CoCrFeNi HEAs, which impede the dynamic recovery of dis- 

ocations and, thus, enhance the strain hardening rate [42,43] . 

ith such high rates, nanoscale twinning is observed to become 

ven more prevalent in FCC HEAs, like FeCoNiCrMn [30,34,43] and 

l 0 . 1 CrFeCoNi [31,42] , or in the FCC phase of FCC/BCC dual phase 

EAs, e.g., Al 0 . 6 CoCrFeNi [43] . Dynamic tension and shear tests by 

opkinson Bar have revealed that the simultaneous high strength–

igh ductility combination seen in the FCC NiCoCrFe HEA in dy- 

amic tensile loading originates from both dynamically formed 

anoscale twins and the entanglement between dislocations and 

lanar faults [44] . They further reported high notch strength in the 

ame HEA by dynamic tension-shear loading [45] . Ma et al. [22] in- 

estigated the dynamic shear deformation of CoCrNi MEA and 

ound that grain refinement, deformation twins, and the strong 

nteractions between dislocations and twin boundaries contribute 

o enhancing strain hardening. However, a moderate thermal- 

oftening effect, which postpones shear localization and subse- 

uent adiabatic shear banding, was also observed in some FCC 

EAs, including NiCoCrFeMn [46] and Al 0 . 3 CrFeCoNi [47] . Thus, in 

hese HEAs, dynamic shear loading, compared to quasi-static shear 

est, leads to a reduction in strain hardening. Zhao et al. [48] re- 

orted that amorphous islands can be generated in CrMnFeCoNi 

EA at regions where a critical defect density is reached under a 

ynamic shear test. These regions can promote additional strength- 

ning and/or toughening mechanisms to further enhance their re- 

istance to extreme loading conditions. 

Further increases in strain rate can be realized by gas-gun 

riven ( 10 5 s −1 - 10 8 s −1 ) [49] or laser driven systems (over 10 9 

 

−1 ) [50] . Both facilities produce a uniaxial strain state in the ma- 

erial and induce the shock wave propagation between the sample 

urfaces. Behind the shock wave front, various defects, such as dis- 

ocation, stacking faults (SFs) and twins, nucleate and evolve, de- 

ending on the crystallographic orientation distribution (texture) 

nd starting microstructure. After the compression wave is re- 

ected at the rear free surface, the pressure is released to zero, 

rior to the encounter with the release tail of the compression 

ave. Later, the interaction of these two rarefaction waves gener- 

tes a tensile region, which may lead to the separation of mate- 

ial by micro-crack propagation (brittle failure) or void nucleation 

nd coalescence (ductile failure) once a critical stress value, called 

he spall strength, is reached. Compared with medium strain rate 

oading, studies involving high strain rate loading of MPEAs under 

train rates beyond 10 5 s −1 have rarely been conducted [51] . Jiang 

t al. [52] performed normal plate impact experiments on FCC 

rMnFeCoNi and BCC NiCoFeCrAl alloys and reported exceptionally 

igh Hugoniot elastic limits (HELs) and phase transition threshold 

tresses. Yang et al. [53,54] studied the effect of martensite con- 

ent on the spallation damage evolution in an Fe 50 Mn 30 Co 10 Cr 10 

EA, finding that large-sized and densely distributed martensitic 

reas limit void growth and alter void coalescence or microcrack 

ropagation paths, leading to higher spall strengths. 

Studies using molecular dynamics (MD) simulations, typically at 

igh rates, and experimental tests, often at quasi-static rates, have 

imilarly reported the strong influence of the local heterogeneities 
2 
haracteristic of HEAs and MEAs, especially lattice distortion (LD) 

nd chemical short-range order (CSRO), which originates from the 

ifference of atomic size among adjacent atoms and the preference 

or certain types of bonds within the first few neighbor shells, re- 

pectively [55–67] . According to these studies, local chemical envi- 

onment within MPEAs complicates the pathways taken by gliding 

islocations [68] and leads to a dispersion in the critical stresses 

eeded to activate them [69,70] . Specifically, it has been reported 

hat LD lowers the stress to form Shockley partials (SP) and CSRO 

nfluences SP nucleation sites by providing preferential nucleation 

egions [71] . Increases in both LD and the degree of CSRO increased 

he resistance to SP propagation. 

Although the influences of local chemical environment on de- 

ect evolution have been discussed by quasi-static experiments and 

imulations at constant strain rate, their roles in deformation and 

pallation mechanisms under shock loading have yet to be inves- 

igated. Compared to quasi-static loading, defect evolution under 

hock loading with ultra-high strain rates and tri-axial stress state 

enerated in uniaxial strain (i.e., one-dimensional) shock can be 

ore sophisticated since the material undergoes inhomogeneous 

ocal stress state as shock wave propagates, reflects and interacts 

n the material, leading to varied spallation properties. Thus, the 

ffect of LD and CSRO during different deformation stages and the 

orrelation of deformation mechanisms between these stages and 

he resulting spallation are relevant issues that require further in- 

estigation for MPEAs. 

Accordingly, in this work, using both hybrid Monte Carlo/MD 

nd large-scale MD simulations, we investigate the roles LD and 

SRO play on the shock responses and underlying defect evolution 

f both single crystal (SC) and nanocrystalline (NC) CoCrNi. In ef- 

orts to separate the effects of LD and CSRO, a suite of calculations 

re carried out at two temperatures, 1 K and 300 K, and repeated 

or a hypothetical A -atom material, a pure metal form that bears 

he average intrinsic properties of CoCrNi. We study the effect of 

C shock loading orientation on the HEL and show that LD and 

SRO can result in a reverse anisotropy from previous reports on 

ure metals and from results on the reference A -atom material. We 

haracterize the defect evolution in every stage of shock testing. 

he first compression stage is characterized by the onset of dislo- 

ation nucleation and glide processes, which govern the value of 

he HEL. The subsequent release stage involves the formation of 

anotwins and the accumulation of sessile dislocations from the 

ultiple defect reactions that take place. At the tension stage, in 

he SC MEAs, once the material reaches the spall strength, the 

oid starts to nucleate at Ni segregation regions either from the 

ntersection sites of SFs or the shock-induced amorphous regions 

ormed at the preceding compression stage, where severe hydro- 

tatic strain is generated. In the NC MEAs, the triple GB junctions 

ith Ni segregation serve as void initiation sites and the alloy sub- 

equently fails by GB separation where Ni has segregated. 

. Methodology 

The large-scale atomic/molecular massively parallel simulator 

LAMMPS) is used for all MD simulations here [72] . The atomic 

nteractions within the MEA Co-Cr-Ni system are described by the 

AM interatomic potential developed by Li et al [57] . This potential 

as been successfully used in a few recent MD studies on the melt- 

ng process [73] and defect evolution [57,59,71] . We also employed 

n A -atom EAM potential developed in our recent work [71] to cre- 

te the hypothetical pure A -atom metal, which possesses average 

roperties of the random MEA. 

The simulation model systems contain about one million atoms 

or the SC models with dimensions of ∼ 100 nm × 10.5 nm ×
0.5 nm, and about three million atoms for the NC models with 

imensions of ∼ 102 nm × 18 nm × 18 nm. All shock simula- 
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Table 1 

Schmid factors for the 12 slip systems for the [1 1 0] and [111] loading orientations. 

Orientation/Slip system 

(111) 

[01 1 ] 

(111) 

[10 1 ] 

(111) 

[1 1 0] 

( 1 11) 

[01 1 ] 

( 1 11) 
[101] 

( 1 11) 
[110] 

( 1 1 1) 
[011] 

( 1 1 1) 
[101] 

( 1 1 1) 

[1 1 0] 

(1 1 1) 
[011] 

(1 1 1) 

[01 1 ] 

(1 1 1) 
[110] 

[1 1 0] 0 0 0 0.408 0.408 0 0.408 0.408 0 0 0 0 

[111] 0 0 0 0 0.272 0.272 0.272 0.272 0 0.272 0 0.272 

Fig. 1. (a)-(c) The representative atomic configurations for single crystalline (SC) 350KMDMC, 950KMDMC and random CoCrNi models, respectively. Here, 350KMDMC and 

950KMDMC denote the models annealed at 350 K and 950 K during the hybrid MD/MC simulations, respectively. Random refers to the model material with an ideally 

random atomic distribution. (d) The atomic configurations of the model nanocrystal (NC) CoCrNi. Face-centered cubic (FCC), twin boundary (TB), stacking fault (SF), and 

atoms with unknown coordination structure are colored by green, blue, red, and gray, respectively. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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ions are conducted along the x -axis. To examine anisotropy in 

he HEL, the SC model is either oriented with its [1 1 0], [11 2 ] and

111] aligned respectively with the x -, y - and z-axes in the case of

1 1 0] shock direction or with its [111], [1 1 0] and [11 2 ] respectively

ligned along x -, y - and z-axes in the case of [111] shock direction.

he Schmid factors for these two orientations under uni- x -axis 

hock loading are provided in Table 1 . We selected these two cases 

ince the [111]-orientation is known as a geometrically hard orien- 

ation and [1 1 0]-orientation, a geometrically medium one. For the 

C model, we use the Poisson-Voronoi tessellation method [74] to 

enerate 17 × 3 × 3 randomly oriented grains with an average size 

f ∼ 7.4 nm. 

The equiatomic random CoCrNi MEA models are created by 

tarting with only Ni element, followed by substituting the Ni 

toms randomly by either Co or Cr atoms. For the construction of 

EAs with different degrees of CSRO, a hybrid MD and MC simula- 

ion method is utilized under two different annealing temperatures 

350 and 950 K), following the methods in [71] . We use ‘num- 

er+K+MDMC’ to denote the sample obtained by hybrid MD/MC 

imulation at a specific annealing temperature. The A -atom alloys 

re constructed by replacing all Ni atoms in the pure Ni models 

ith A -atoms. 

Fig. 1 shows the MEA microstructures for the SCs and NC. In 

hese, the CSRO is measured by Warren-Cowley SRO parameters, 

n 
i j 

= 

p n 
i j 

−c j 

δi j −c j 
, where n means the n th nearest-neighbor shell of the 

entral i -type atom, p n 
i j 

denotes the probability of a j-type atom 

eing around an atom of type i within the n th shell, c j is the

oncentration of j-type atom, and δi j is the Kronecker delta func- 

ion [75,76] . The average LD is quantified based on calculating and 

omparing the radial distribution functions (RDF) g(r) of this MEA 

ample and its A -atom counterpart. The difference in the full width 

t half maximum (FWHM) of the g(r) curves between the MEA 

ample and the A -atom sample represents the LD of MEA. Detailed 

laborations of CSRO by α1 
i j 

and the quantification of LD through 
3 
DF are illustrated in Figure S1 of the supplementary material. The 

orresponding values are shown in Table 2 and Table 3 , respec- 

ively. According to Table 2 , the random model in Fig. 1 (c) has

he CSRO parameters that are close to zero, indicating there is no 

SRO. The lower annealing temperature case of the 350KMDMC 

ample possesses the highest degree of CSRO ( Fig. 1 (a)), with the 

argest absolute values of both α1 
CoCr and α1 

NiNi 
among the three 

EA materials. In Table 3 , we find that LD of MEA sample, i.e., the

ifference in the FWHMs of MEA and A -atom sample, is large at 

 K but moderate at 300 K. At any given temperature, the effect of 

SRO on LD is slight, and overall, the LDs among MEAs at a given 

emperature are nearly the same. 

To investigate the respective role of LD and CSRO, shock simu- 

ations are conducted for the SC A -atom, 350KMDMC, 950KMDMC, 

nd random CoCrNi samples and the NC A -atom, 350KMDMC, and 

andom CoCrNi samples. The NC samples are included here to ex- 

lore the effects of GB on microstructure evolution with respect to 

D and CSRO, and to be compared with SCs. 

Before shock loading, the energy of all configurations is min- 

mized and then relaxed at 1 K or 300 K for 100 ps in the NPT

nsemble with three-dimensional periodic boundary conditions 

PBCs) to reach an equilibrium state. After relaxation, two vacuum 

egions are created at the two ends of the simulation box along 

he x -axis. This setting mimics the free boundary along x direc- 

ion (shock direction), while PBCs remain in the transverse direc- 

ions (i.e., y and z directions). A shock wave is generated by mov- 

ng a virtual wall at a constant velocity U p (ranging from 400 m/s 

o 1600 m/s for SCs and 100 m/s to 600 m/s for NCs) from one

ree surface of the model to the opposite surface. Owing to the 

riving force of GBs with high excess energy [77] , plastic deforma- 

ion is more easily triggered from the GBs in the NCs than inte- 

ior of the SCs. Here, the largest impact velocity for the NCs is set 

o induce sufficient amounts of slip and nanotwin mediated plas- 

ic deformation, while at the same time avoiding the occurrence 

f phase transformation and local melting. The duration of virtual 
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Table 2 

CSRO parameter α1 
i j 

of SC MEAs. 

MEA/CSRO parameter α1 
NiNi 

α1 
NiCo 

α1 
NiCr 

α1 
CoCo α1 

CoCr α1 
CrCr 

350KMDMC 0.4701 0.5566 0.3837 −0 . 0182 −0 . 4722 −0 . 1075 

950KMDMC 0.1627 0.2184 0.1070 −0 . 0598 −0 . 1778 −0 . 1160 

Random −0 . 0011 0.0003 −0 . 0024 −0 . 0 0 03 −0 . 0019 0.0010 

Table 3 

FWHM (pm) of g(r) at 0, 1 and 300 K for SC A -atom and CoCrNi MEA samples. 

T (K)FWHM (pm)Sample 350KMDMC 950KMDMC Random A -atom 

0 4.7468 5.1386 5.3724 0.0110 

1 4.8744 5.2918 5.5129 1.1209 

300 20.2363 20.4335 20.6783 19.2374 
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all movement is respectively set as 11 ps for SCs and 12 ps for 

Cs, which is sufficient for the sample behind the wave front to 

quilibrate. Then the virtual wall is removed, allowing the model 

o release and generate a tensile wave once the reflected rarefac- 

ion wave encounters the tail of the compression wave (i.e., the 

ront of the release wave). A microcanonical ensemble (NVE) is ap- 

lied throughout the shock simulation and the timestep size is 1 

s for all simulations. 

To analyze the shock responses and physical quantities (e.g., 

tress, temperature, particle velocity and density), a 1-D spatial 

inning technique with a bin size of 10 Å is applied along the x

irection. Results from other choices of bin sizes (5 - 10 Å) are con-

istent with those that will be shown here. The stress along the x 

irection ( σxx ) is adopted as the shock pressure and all the physi- 

al parameters are listed in Table A.1 . To visualize the crystalline 

efects during shock simulation, we use the dislocation analysis 

DXA) method [78] implemented in OVITO [79] to identify four im- 

ortant types of dislocations: stair-rods, Hirth locks, Shockley and 

erfect dislocations. The crystal analysis method of [80] is em- 

loyed to characterize planar defects (i.e., stacking faults (SFs) and 

win boundaries (TBs)). In the NC samples, only the intragranular 

attice dislocations are taken into account in the analysis. 

. Results and discussion 

.1. Single crystalline MEA 

.1.1. Shock wave profile and plasticity initiation 

We first analyze the shock response and underlying develop- 

ent of defects in the case of [1 1 0]-loading for the 350KMDMC SC 

EA. Fig. 2 compares snapshots of the process for U p = 500 m/s, 

00 m/s and 1200 m/s. For U p = 500 m/s, the MEA remains elas-

ic. Only one plateau for shock pressure σxx or shear stress τ in 

he shocked area develops and no plastic deformation occurs be- 

ind the elastic precursor wave. At the higher U p = 800 m/s, while 

efects initiate behind the wave front, the shear stress τ in the 

lastic region is only partially relieved, remaining at ∼ 4.0 GPa in 

he corresponding plastic region ( Fig. 2 (b)), signifying underdevel- 

ped, or so-called immature, plastic deformation. For the highest 

hock velocity to U p = 1200 m/s, a typical elastic-plastic two-wave 

tructure develops, and hence, the Hugoniot elastic limit (HEL) 

81,82] can be defined, as the dynamic yield strength or the onset 

f shock-induced plasticity of the material. As marked in Fig. 2 (c), 

he HEL is taken as the lowest stress value of the extended elas- 

ic wave plateau. Behind the elastic precursor wave in the plastic 

egion, numerous dislocations and dissociated SFs are observed on 

ll four planes with non-zero Schmid factors. The fluctuations seen 

n the extended elastic wave plateau arise from the formation of 

islocation loops in the elastic-plastic transition region [83] . 
4 
Fig. 2 (d-f) tracks the corresponding changes in the CSRO for 

hese different levels of U p . When there is no plastic deformation, 

uch as in the cases of low U p , the average CSRO in the material

uctuates at constant levels or only slightly decreases along the 

 -direction. When the U p is sufficiently high for a stable plastic re- 

ion to develop, the plastic wave in Fig. 2 (c) noticeably reduces 

he degree of CSRO ( Fig. 2 (f)). The glide of dislocations drives the 

toms to become more disordered [71] . 

To examine load-orientation dependence, Fig. 3 compares the 

lastic and plastic pressures for the three SC MEAs and the A - 

tom sample for the two different loading directions ([1 1 0] and 

111]) and temperatures (1 K and 300 K). For the samples remain- 

ng elastic during low-speed shock loading, only an elastic wave 

ropagates and the elastic pressure is calculated as the averaged 

xx on the elastic wave plateau. For the samples under high-speed 

hock loading, in which a typical elastic-plastic two-wave struc- 

ure can develop, the σHEL is taken as the elastic pressure, while 

he plastic pressure is defined as the averaged σxx on the plastic 

ave plateau. For the shocked samples upon intermediate-speed 

oading, where the plastic deformation is immature and a stable 

lastic-plastic two-wave structure is absent, we do not consider the 

lastic pressure but only the elastic pressure, which is computed as 

he averaged σxx on the elastic wave plateau. 

As shown in Fig. 3 (a) and (b), when the entire sample is still 

lastic for low shock velocities, i.e., U p = 500 m/s or 600 m/s, the 

lastic pressures of all material models (three MEAs and A -atom) 

long both loading directions are almost the same at 1 K. At the 

ther extreme, at the highest shock velocity U p = 1600 m/s, all four 

aterial models exhibit the typical elastic-plastic two-wave struc- 

ure for both loading directions. Similarly, the plastic pressures in 

hese cases are nearly the same. The development of plasticity fully 

elieves the shear stress, leaving a hydrostatic compressive state 

n the plastic region and eliminating any anisotropy between the 

wo SC orientations. Notable differences, however, arise in their 

hock resistance for the intermediate cases of shock velocity. In 

eneral, the elastic pressure of A -atom model surpasses MEAs at U p 

 1200 m/s in the [1 1 0]-loading, while the random MEA (no CSRO) 

nd A -atom material prove to be weaker than MEAs with CSRO, 

eveloping plasticity under the same U p in the [111]-loading. For 

nstance, for the [111] load direction at U p = 800 m/s, MEAs with 

SRO are still elastic, while the random MEA develops immature 

lasticity and A -atom material mature plasticity with an elastic- 

lastic two-wave structure. At U p = 1200 m/s, the random MEA (no 

SRO) and A -atom materials form the typical elastic-plastic two- 

ave structure but the MEAs with CSRO along the harder [111]- 

oad direction do not. 

The cases analyzed thus far were carried out at 1 K. When re- 

eating at 300 K, we find that the trends in i) the elastic and plas-

ic pressures with the increases in shock velocity and ii) the rank- 

ng among these pressures for the four different material systems 

t same shock velocity, are the same as those seen at 1 K. Only 

 few differences are noteworthy at U p = 1200 m/s and 300 K 

 Fig. 3 (d)). The 350KMDMC and 950KMDMC models loaded along 

111] develop an elastic-plastic two-wave structure and thus elas- 

ic/plastic pressures at 300 K, which are absent at 1 K. We attribute 

he difference to the promotion of dislocation nucleation with ris- 

ng temperature. 
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Fig. 2. (a)-(c) Evolution of the shock pressure σxx and shear stress τ of SC 350KMDMC CoCrNi MEAs under shock compression of U p = 500 m/s, 800 m/s and 1200 m/s along 

[1 1 0] orientation at 1 K, respectively. The solid lines correspond to σxx , while the dashed lines are τ . In (c), the elastic wave, Hugoniot elastic limit (HEL) and plastic wave 

are shown as the example. (d)-(f) The profiles of the pairwise CSRO parameters α1 
NiNi 

and α1 
CoCr at 11 ps. Snapshots of σxx profiles and the corresponding defect structures at 

11 ps are shown for each case. Here, the atomic color scheme of defects and the definition of 350KMDMC model are consistent with those in Fig. 1 . FCC atoms are removed 

to better visualize the defects. 

Fig. 3. Elastic and plastic pressures for three SC MEAs and the A -atom model at 

(a)-(b) 1 K and (c)-(d) 300 K shocked along [1 1 0] and [111] directions upon differ- 

ent shock velocities U p , respectively. The solid lines correspond to elastic pressures, 

while the dashed lines denote plastic pressures. Here, the definitions of different 

MEAs are consistent with those in Fig. 1 , while A -atom refers to the model mi- 

crostructure produced by the A -atom potential for this MEA. 

m

t

C

Fig. 4. The σHEL for the three SC MEAs and the A -atom model loaded along two 

crystallographic directions at 1 K and 300 K under shock compression of U p = 

1200 m/s and 1600 m/s. Here, the definitions of MEAs are consistent with those 

in Fig. 1 , while A -atom refers to the mean-field model of the MEA produced by an 

A -atom potential. The solid and dashed lines represent 1 K and 300 K, respectively. 

Black and red symbols denote two different U p of 1200 and 1600 m/s, respectively. 

Circle and triangle symbols are the loadings along [111] and [1 1 0] directions, re- 

spectively. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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The different characteristics between MEAs and A -atom model 

entioned above imply that the onset and development of plas- 

ic deformation in these models are associated with both LD and 

SRO, which can be elaborated via the analysis of the HEL. 
5 
.1.2. The effects of LD and CSRO on HEL with respect to anisotropy 

To investigate the effects of LD and CSRO on HEL of SC MEAs, 

e analyze the response under sufficiently high U p = 1200 m/s and 

600 m/s ( Fig. 4 ), in which an elastic-plastic two-wave structure 

ormed. 

To isolate the effects of LDs from those of CSRO, we first com- 

are σHEL of the SC random CoCrNi and A -atom models for both 

oading orientations. First, regarding anisotropy, for the random 

EA, σ along the [1 1 0] direction is lower than that in the [111] 
HEL 
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irection. In contrast, for the A -atom material, the σHEL in the [111] 

irection is lower than that of [1 1 0] direction. Regarding LD effects, 

or [1 1 0] loading, the random MEA has the lower σHEL than A -atom 

odel. However, for [111] loading, the relation reverses. The differ- 

ng anisotropy in σHEL among these cases is complicated by the 

act that σHEL is sensitive to both the amounts of dislocations that 

an nucleate and how easy it is for them to propagate, for which 

oth LD and orientation can affect. 

For the pure A -atom metal, the anisotropy seen here can be ex- 

ected. The same anisotropy, that is, the lower σHEL in the [111] 

rientation than [1 1 0] orientation, has been reported, for instance, 

n previous large-scale shock compression simulations of Cu [84] . 

he easier plastic development in [111] loading is attributed to 

he larger number of stressed slip systems. For the [111] orien- 

ation, six slip systems have non-zero Schmid factors as opposed 

o four for the [1 1 0] orientation, see Table 1 . The applicability of

chmid’s law under one-dimension strain loading condition is dis- 

ussed in the supplementary material. Although the Schmid factors 

n [111] are lower than those in [1 1 0], in high-stress conditions, 

aving more suitably oriented slip systems increases the proba- 

ility of plastic initiation. In initially defect-free pure metal single 

rystals, the HEL is governed by nucleation, not propagation, since 

he slip resistance to the dislocation glide that ensues after initia- 

ion is extremely low in pure FCC metals. For MEA CoCrNi, how- 

ver, LD aids the nucleation of dislocations but substantially in- 

reases the slip resistance to dislocation propagation by ∼ 19% [71] . 

ith propagation now being the limiting factor in MEAs, the larger 

chmid factors in [1 1 0] loading help dislocations overcome the en- 

anced slip resistance by offering higher resolved shear stresses 

han the [111] loading under the same normal shock pressure. Con- 

equently, in the MEA, the σHEL in [1 1 0] is lower than that in 

he [111], reverse from what is seen in pure metals. When the 

EA and A -atom are both loaded in the [111] direction, the higher 

lip resistance in the MEA causes the higher σHEL than A -atom 

odel. The opposite situation arises in the [1 1 0], since all four sys- 

ems are very well oriented for slip propagation, with nearly ideal 

chmid factors. Hence, since in the random MEA with LD, disloca- 

ion nucleation is easier than in the A -atom material, resulting in a 

ower σHEL . 

With the addition of CSRO to MEA, the energy barrier for dis- 

ocation nucleation and the slip resistance to dislocation propaga- 

ion are enhanced compared to that of random MEA [71] . As a re-

ult, σHEL is the highest in the 350KMDMC material. Between the 

50KMDMC and 950KMDMC samples, the higher degree of CSRO 

n the former has a mild contribution to raising the σHEL . Further, 

t can be shown that any MEA with the same degree of CSRO, 

he anisotropy in σHEL , where [1 1 0] < [111], is the same at both

 K and 300 K. This further confirms that the HEL in these MEAs 

s propagation-limited, due to the relatively higher resistance to 

ropagation. 

.1.3. Oscillation of the elastic precursor wave 

The local chemical fluctuations in MEAs not only alter the 

nisotropy in the HEL, but also affect some features of the wave- 

orm, manifesting as the absence of oscillations in the elastic pre- 

ursor wave in the random MEA, as shown in Fig. 5 , which are

xpected to occur, as they do in the pure A -atom metal. 

In shock-compression loading, when wall impacts the free sur- 

ace of the model, a step-pulse elastic precursor wave is gener- 

ted and, as the compressive wave moves forward, the momen- 

um transfers from one plane of atoms to another. The abrupt step- 

ike pulse drives the atoms to fluctuate, without sufficient time for 

hem to equilibrate after shock. This results in oscillation in the 

ave profile ahead of the elastic precursor wave. 

In the SC A -atom samples, these leading oscillations develop for 

oth loading directions at 1 K, although they are more pronounced 
6 
n the [1 1 0] loading ( Fig. 5 (e)) than [111] loading ( Fig. 5 (f)). As

hown in Fig. 6 (a), the atoms in the FCC A -atom model are or-

ered and in their ideal arrangement positions. Herein, [1 1 0] is 

he closest packing direction and the distance between the neigh- 

oring (1 1 0) planes is 1.259 Å, while the interplanar spacing of the 

111) planes is 2.055 Å. Hence, shock loading along the [1 1 0] leaves 

ess time for the newly impacted atoms to equilibrate than those 

long the [111], manifesting as more severe fluctuations ahead of 

he elastic precursor wave. Such an orientation-dependent solitary 

ave train of the elastic precursor wave has been reported previ- 

usly in SC Cu MD simulations when shocked in the < 110 > orien- 

ation [83–85] . On the contrary, the SC random MEAs have a more 

table elastic shock front in both [1 1 0] and [111] loading ( Fig. 5 (a)-

b)) and the oscillations are absent. We suspect the deviations in 

tomic positions induced by the LD in random MEAs ( Fig. 6 (b)), 

issipate the energy when the atomic planes impact each other 

nd mitigate the oscillation. At 300K, the oscillations have sub- 

tantially reduced in the loaded SC A -atom sample ( Fig. 5 (g–h)). 

ere, thermal vibrations affect atomic positions and response in a 

imilar way as the LD, weakening the oscillations at elevated tem- 

eratures. 

.1.4. The evolution of defects 

As the stress waves propagate, the material experiences three 

tages of deformation–first compression, then release, and finally 

ension–and each can lead to the development of defects, such as 

islocations, stacking faults (SFs) and nanotwins. Fig. 7 compares 

he evolution in the TBs and SFs ( Fig. 7 (a)-(c)) and four types of

islocations ( Fig. 7 (d)-(f)) in the 350KMDMC material for different 

 p over these three stages (marked by green, blue, and orange col- 

red backgrounds). The other MEA materials experience a similar 

rocess, and therefore their result are not shown in the interest of 

pace. 

Consistent with the description in Section 3.1.1 , for U p = 

00 m/s, no defects are generated at the compression and release 

tages under shock compression until the tensile wave forms via 

he encounter of the reflected wave from the free surface with the 

elease tail of the compression wave ( Fig. 7 (a) and (d)). As the 

ensile region expands, dislocation numbers increase and disloca- 

ions dissociate into partials with SFs. Ultimately, these dislocation 

ensities decrease when the formation of voids results in material 

eparation (e.g., Moment C in Fig. 7 (g)). 

At U p = 800 m/s, dislocations are generated at the compression 

tage (e.g., Moment D in Fig. 7 (h)), but partially annihilate at the 

elease stage due to the stress relief (Moment E in Fig. 7 (h)). In

he release period, the TB density slightly rises, indicating that the 

ransformation from SFs to nanotwins via dislocation interactions 

lso occurs in this stage ( Fig. 7 (b) and (e)). Similar to the low

hock velocity response from U p = 500 m/s, the SF density also 

rst increases in the tension stage and then decreases due to the 

econd stress relief in the spallation region upon fracture (Moment 

 in Fig. 7 (h)). 

At the higher U p = 1200 m/s, complete development of plastic- 

ty is accompanied by a greater number of SPs and SFs, along with 

mmobile dislocations, like Stair-rod and Hirth dislocations at the 

ompression stage ( Fig. 7 (c) and (f)). Bursts of mobile dislocations 

n multiple non-coplanar glide planes (Moment G in Fig. 7 (i)) re- 

trict dislocation glide and promote dislocation-dislocation interac- 

ions, which fosters those reactions that produce nanotwins in the 

ubsequent release stage ( Fig. 7 (c)). In the final tension stage, frac- 

ure occurs across the material (Moment I in Fig. 7 (i)), giving rise 

o a rapid drop in SP density ( Fig. 7 (f)). 

To examine the role LD played in the observed defect evolu- 

ion, we compare the defect densities of random MEA and A -atom 

odel under shock compression of U p = 1200 m/s at 1 K, a tem- 

erature where differences in LD are pronounced. For the most 
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Fig. 5. Evolution of the shock pressure σxx and shear stress τ for the (a)-(d) SC random CoCrNi MEAs and (e)-(h) SC A -atom samples along two crystallographic directions 

under shock compression of U p = 1200 m/s at 1 K and 300 K. The solid lines correspond to σxx , while the dashed lines are related to τ . Here, the definition of random 

model is consistent with that in Fig. 1 , while A -atom refers to a mean-field model of the MEA produced by an A -atom potential. 

Fig. 6. Schematics of the atomic arrangement for the (a) A -atom material and (b) random MEA material. 

Fig. 7. Evolution of the (a)-(c) planar fault (TB and SF) densities and (d)-(f) dislocation densities for the SC 350KMDMC MEAs at U p = 50 0, 80 0 and 120 0 m/s at 1 K along 

the [1 1 0] orientation. The green, blue and orange regions represent the shock compression, release and tension stages, respectively. In addition, the grey vertical dashed line 

in orange region denotes the moment of void nucleation at the tension stage. (g)-(i) display three representative snapshots of the defects at the shock compression, release, 

and tension stages, respectively under three U p . Specifically, A, D and G are the moments when the compression wave reaches the far-end free surface; B, E and H are the 

ends of the release stage; C, F and I are the moments of 35 ps, where black dashed circles denote the fracture regions during tension stage. Here, the atomic color scheme 

of defects and the definition of model are consistent with those in Fig. 1 . (For interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 

7 
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Fig. 8. Evolution of (a)-(d) planar fault (TB and SF) densities and (e)-(h) dislocation densities for the SC random CoCrNi MEA and A -atom model along the [1 1 0] and [111] 

loading under shock compression of U p = 1200 m/s at 1 K. The gray vertical dashed line denotes void nucleation. The definitions of random and A -atom models are consistent 

with those in Fig. 5 . 
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art, defect evolution for these two materials is similar. As shown 

n Fig. 8 (a)-(d), TB densities in both samples only slightly increase 

t compression stage but rise faster at the release and the ini- 

ial tension stages before void nucleation since glissile dislocations 

volve and interact more frequently with each other at the latter 

wo stages. In Fig. 8 (e)-(h), SP is the dominant dislocation in all 

ases during loading, while sessile dislocations, including Stair-rod 

nd Hirth dislocations, evolve differently with respect to loading 

irections. In [1 1 0] loading in these two samples, sessile disloca- 

ions emerge at compression stage but their densities decay later, 

nd nearly vanish at tension stage. On the contrary, more sessile 

islocations are observed at the release and tension stages than 

uring the compression period along [111] direction. More nan- 

twins are, therefore, found in both the random MEA and A -atom 

amples along [1 1 0] direction than [111] direction, since the sessile 

islocations reduce the mobility of dislocations and limit chances 

or the reactions needed for twin formation. Comparing the TB 

ensities between the random MEA and A -atom model along both 

irections reveals higher TB densities in the random MEA than in 

he A -atom material. The LD in the MEA aids in the formation of 

wins by slowing down dislocation propagation and giving rise to 

ore chances for dislocation interactions in regions where there 

re few sessile dislocations. 

At the higher temperature (300 K) shown in Figure S1, both ran- 

om MEA and A -atom samples exhibit similar defect evolution as 

hose seen at 1 K, except for the increase in twinning density for 

he A -atom exceeding that of the random MEA. In this respect, the 

EA response appears to be insensitive to temperature, unlike the 

 -atom material. On the one hand, thermal vibrations at 300 K in 

 -atom play the similar role to LD in slowing down SP glide [86] .

n the other hand, the temperature rise from 1 K to 300 K re-

uces LD in the random MEA material [71] . Consequently, for the 

andom MEA, the aid of thermal vibration offsets the reduced LD 

t the higher temperature, leading to the similar amounts of twins 

ompared to that at 1 K. 

.1.5. The CSRO-related cavitation 

Once the tensile stress generated by two rarefaction waves ex- 

eeds the spall strength, voids start to nucleate at sites of weak 

ohesive strength or severe stress concentration. They then grow 

nd coalesce with other voids, leading to final fracture of mate- 
8 
ial. This cavitation process is the main mechanism for spallation 

n ductile metals. 

To reveal the effects of CSRO on void nucleation during the ten- 

ion stage, Fig. 9 (a) presents the hydrostatic strain distribution and 

1 
NiNi 

distribution in the SC 350KMDMC MEA under shock com- 

ression of U p = 500 m/s at 1 K prior to dislocation nucleation. 

he hydrostatic strain distribution is heterogeneous, and compari- 

on of the two distributions associates the Ni segregation sites of 

arge α1 
NiNi 

with large hydrostatic tensile strains. Since large hy- 

rostatic strains are associated with the void nucleation [87] , it is 

ikely that the void nucleation sites correspond to the Ni segrega- 

ion sites. Fig. 9 (b) supports this notion, showing a void initiating 

t a Ni segregation site. Further the void grows along a region of 

igh Ni segregation, leading to a local temperature rise ( Fig. 9 (c)). 

omparing the lattice parameters of 350KMDMC model (3.565 Å), 

andom CoCr mixture (3.592 Å) and pure Ni (3.507 Å) indicates 

hat the largest lattice mismatch exists between Ni clusters and 

oCr clusters. Hence, in the MEAs with CSRO, Ni regions are likely 

o have tensile residual stresses, while the neighboring CoCr re- 

ions compression stresses. Once the tensile pulse is generated in 

he shocked material, it can be partially canceled with the com- 

ression residual stress in the CoCr clusters, but enhanced by the 

ensile residual stress in the Ni regions, leading to easier void for- 

ation in the Ni clusters than in the CoCr counterparts. 

We further examine the role of CSRO on void nucleation at dif- 

erent U p . As shown in Fig. 10 , the preference of void nucleation at

i regions and the preliminary void growth along a region of high 

i segregation are validated at both U p = 500 m/s and 1200 m/s in

he SC 350KMDMC MEA. Such preference is further confirmed by 

racking the evolution of CSRO in the SC 350KMDMC MEA for load- 

ng along both directions in Figure S3. A similar correlation is also 

ound in 950KMDMC and random MEAs shown in Figure S4 and 

5 of the supplementary material. However, the nucleation sites at 

aried U p have different relations with defects. At U p = 500 m/s, 

oid initiation starts at the intersections of SFs with regions of un- 

ecognized crystal structure (marked by black dashed ellipses in 

ig. 10 (a)). With the following expansion of voids, the surround- 

ng SFs are eliminated and turn into amorphous clusters. At U p = 

200 m/s, numerous amorphous clusters are generated by the in- 

reasing shock pressure and more intense plastic deformation dur- 

ng the previous compression stage and subsequently serve as void 
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Fig. 9. Atomic distributions in the cross section of the SC 350KMDMC MEA under shock compression of U p = 500 m/s at 1 K at (a) 20.75, (b) 24 and (c) 27 ps. The atoms 

are colored according to ε h , α
1 
NiNi 

, V atom and T avg . , corresponding to hydrostatic strain, CSRO, atomic volume and averaged local temperature, respectively. Dashed ellipses in 

(a) and (b) denote the correspondence between regions with large hydrostatic strain and Ni segregation sites, where voids prefer to nucleate. The local temperature field in 

(c) is obtained by the average in a sphere region with 1.2 nm radius. 

Fig. 10. Snapshots of void nucleation and growth in the SC 350KMDMC model un- 

der shock compression of (a,b) U p = 500 m/s and (c,d)1200 m/s along [1 1 0] at 1 K, 

respectively. Stacking fault (SF), twin boundary (TB), and atoms with unknown co- 

ordination structure in (a) and (c) are colored by red, blue, and gray, respectively. 

With the emphasis of void by dashed ellipses, the surrounding atoms of void are 

colored by yellow according to their atomic volume. The atomic structures in (b) 

and (d) are colored according to α1 
NiNi 

. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 

n

T

c

f

t

a  

Fig. 11. The respective percentage of void nucleation event occured at the SF inter- 

section and at the shock-induced amorphous region in SC MEAs and A -atom sample 

at different U p . The statistic of U p = 500 m/s, 600 m/s, and 800 m/s is overlapped. 

y

s

n

s

a

b

o

ucleation sites (marked by black dashed ellipses in Fig. 10 (c)). 

he voids subsequently grow in these amorphous regions during 

avitation, a response also seen in Ref. [88] . Repeating the analysis 

or 950KMDMC and random MEAs in Figures S4 and S5 leads to 

he same conclusion. 

To understand the role of U p on void nucleation in SC MEAs 

nd the A -atom sample, in Fig. 11 , we carried out a statistical anal-
9 
sis to correlate the void nucleation sites with either the SF inter- 

ection points or shock-induced amorphous regions. It should be 

oted that the percentage of void nucleation sites that occur at a 

pecific defect is emphasized here, rather than the percentage of 

 specific defect that is involved in void nucleation events. For U p 

elow 1200 m/s, all voids initiate at the SF intersections since nan- 

twinning and dislocation glide with dissociated SFs prevail when 
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Fig. 12. Void growth (a) via dislocation adsorption at U p = 500 m/s and (b) in the 

amorphous regions at U p = 1200 m/s, and (c) suppressed by TBs. In (a), the green 

dislocation lines denote SP dislocation, while the red lines refer to ”other” types of 

dislocations that do not belong to any specific type of Shockley, stair-rod, Hirth, or 

perfect dislocations. The void is recognized by the surface mesh algorithm (SMA) 

[80] and colored according to the atomic volume of the surrounding atoms. The 

white circle in (c) denotes the void nucleus, whose adjacent atoms have atomic 

volumes of larger than 17 Å 3 , are colored by yellow. To better visualize the void 

and TBs, the SFs are eliminated at 31 and 35 ps during the void growth process in 

(c). (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 
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he shock pressure is not high enough to induce amorphous re- 

ions. At U p = 1200 m/s, a large part of the voids in MEAs nucleate

t amorphous regions induced by shock compression besides SF in- 

ersections for loadings along the two directions at both 1 K and 

00 K. As the σHEL in [1 1 0] is lower than that in [111] for MEAs,

everer plastic deformation at compression stage for [1 1 0] loading 

enerates more amorphous regions, leading to a smaller proportion 

f voids nucleating at SF intersection than [111] during cavitation 

see Fig. 11 (a) vs (b), and Fig. 11 (c) vs (d)). MEAs with CSRO pos-

ess larger σHEL , and thus the proportion of voids nucleating at SF 

ntersection is higher than random MEA for both directions. An op- 

osite trend is found in A -atom sample at U p = 1200 m/s due to

he reverse relationship between σHEL and [1 1 0]/[111] directions. 

hen U p exceeds 1200 m/s, more amorphous regions initiate at 

he shock compression stage, which eliminates the difference of 

oid nucleation event between two directions in all materials. 

.1.6. Void-defect interactions 

Since voids are possible to nucleate either at SF intersection or 

hock-induced amorphous region as shown in Fig. 10 and Fig. 11 , 

hey are expected to grow through different kinds of void-defect 

nteractions. 

In Fig. 12 (a) and (b), the process of void growth of SC 

50KMDMC MEAs at U p = 500 m/s and 1200 m/s is shown as 

xamples to illustrate the difference between two kinds of void- 

efect interactions. For U p = 500 m/s, void A nucleating at SF in- 

ersections grows by adsorbing the dislocations adjacent to its sur- 

ace at 26 ps, which then change to residual dislocation segments 

t 26.5 ps. This void further expands and the surrounding disloca- 

ions are consumed entirely at 27 ps. A repeated growth process 

s found for void B via the same dislocation-adsorption-mediated 

echanism [89–91] and these two voids can coalesce into a larger 

oid subsequently. For U p = 1200 m/s, void C nucleates at amor- 

hous cluster without dislocation attached and it expands within 

he amorphous region until coalescing with void D formed at the 

eighboring amorphous region at 22 ps. Additionally, more voids 

re seen at 22 ps when U p = 1200 m/s as the higher impact ve-
10 
ocity generates larger tensile stress during cavitation and the nu- 

erous amorphous regions benefit void nucleation and expansion 

88] . 

We also observe in simulation that closely spaced TBs can hin- 

er void growth. As shown in Fig. 12 (c), a void nucleates at the 

ntersection points between dislocations and nanotwins. At 31 ps, 

hen the twinning partial dislocation glides on a parallel plane 

ne atomic layer away from the site, a nanotwin forms on the 

ther side of the intersection at 35 ps, denoted by the white arrow. 

onstrained by the TBs at both sides, the void expands anisotrop- 

cally within the gap between these TBs rather than expanding 

adially. This constraint provided by closely spaced TBs on void 

rowth has been reported experimentally [92,93] . The implication 

s that dense nanotwins formed in MEAs can hinder void expan- 

ion and coalescence. 

.2. Nanocrystalline MEA 

.2.1. Shock wave profile and HEL 

For the NC samples, Fig. 13 (a)-(c) compares the shock wave 

rofiles at 1 K at two different applied shock velocities U p = 

00 m/s and 600 m/s. The lower velocity is sufficiently small that 

ll materials respond similarly and elastically, wherein τ remains 

lmost constant and no dislocations or nanotwins form. The simi- 

arity among all three materials indicates that, without the forma- 

ion and proliferation of defects, their intrinsic differences in LD, 

SRO, and composition fluctuations do not influence the shock re- 

ponse. Their average elastic properties are similar and they gov- 

rn the response. Furthermore, the elastic wave fronts generated 

n these NC tests are gentler than those generated in the single 

rystal tests, an expected result that has been reported in prior 

D calculations of pure fcc metals [94,95] and attributed to elastic 

rain boundary-mediated deformation. 

The higher velocity of U p = 600 m/s is sufficiently high that an 

lastic-plastic wave structure develops in all three materials. The 

lastic-plastic plateau seen in the SC samples ( Fig. 13 (d) - (f)) is

bsent in the NC ones, consistent with the results reported in NC 

u simulation [85] . In Fig. 13 , the HEL of an NC sample is defined

s the inflection point connecting the linearly rising front (elas- 

ic) and the non-linear front (plastic). The HEL is highest for the 

50KMDMC material with CSRO, next for the random MEA, and 

owest for the A -atom material. Compared to LD, the GBs, in all 

amples, play a far greater role in substantially reducing the en- 

rgy barrier for dislocation nucleation. Thus, in NCs, the primary 

ffect of LD and CSRO is to increase the resistance to propagation 

bove that in a pure FCC metal. Consequently, the LD and CSRO in 

he MEAs lead to higher HELs than the A -atom material. 

.2.2. Microstructure evolution 

In Fig. 14 , we analyze the defect evolution under shock com- 

ression of U p = 600 m/s at 1 K for all three materials. In the

ompression stage, (moment A’, D’ and G’ in Fig. 14 (g) - (i)), ex- 

ensive amounts of SPs form and glide, creating SFs. Compared to 

he SP densities in the SCs in the fully developed plastic regions in 

his same compression stage ( Fig. 7 (f) and Fig. 8 ), the NCs contain

maller amounts of SPs and SFs. This is due not to lower rates of 

ucleation, but higher rates of dislocation annihilation at the GBs. 

In the release stage, the glissile dislocations and SFs partially 

nnihilate. The SF density annihilated is greatest in the 350KMDMC 

aterial, being 0.069 /nm, compared to that, 0.036 /nm, in the ran- 

om MEA and 0.028 /nm in the A -atom. These differences are not 

 direct result of stress. From Fig. 13 (d) - (f), we find that the

hock pressures in the stable plastic region for A -atom and both 

EA samples are nearly the same, ∼ 32 GPa. They both achieve the 

ame hydrostatic compression state of stress. Furthermore, since 

he stress will be fully relieved at release stage, the stress drop is 
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Fig. 13. Evolution of shock pressure σxx and shear stress τ in the NC ((a), (d)) 350KMDMC and ((b), (e)) random CoCrNi MEAs as well as the ((c), (f)) A -atom model under 

shock compression of U p = 100 m/s and 600 m/s at 1 K, respectively. The solid lines correspond to σxx , while the dashed lines to τ . The HEL is indicated by black points 

and arrows in (d)-(f). Snapshots of the σxx profile and the corresponding defect structure at 11 ps are shown for each case. The atomic color scheme of defects is consistent 

with that in Fig. 1 . FCC atoms are removed to better visualize the defects. 
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lso similar among these materials. We suspect the higher rate of 

tacking fault annihilation seen in the 350KMDMC material than 

he other materials is due primarily to their differences in in- 

rinsic stacking fault energy (ISFE). When the calculation is per- 

ormed considering a large computational cross-sectional area, the 

50KMDMC has the highest ISFE of 82.59 mJ / m 

2 , followed by the

andom MEA with an ISFE of -14.96 mJ / m 

2 , and last, the in A -atom

ith -25.26 mJ / m 

2 [71] . SFs in the 350KMDMC, therefore, pose the

reatest energetic penalty. 

As a consequence of their different SF annihilation propensities, 

ore SFs remain in the A -atom model, than in the random MEA 

nd 350KMDMC materials after the release stage and at the start 

f the tension stage (Moment B’, E’ and H’ in Fig. 14 (g) - (i)). Be-

ause nanotwins form as a result of SF-SF interactions, the highest 

ensities of TBs are observed in the A -atom model and the fewest 

Bs are found in the 350KMDMC model in the following tension 

tage. 

At 300 K, the trends in defect evolution and response seen in 

ll materials are similar to those at 1 K (Figure S7). The reason 

s that GBs are the dominating heterogeneity that controls SP nu- 

leation rather than LD and CSRO, and the increase in tempera- 

ure affects the ISFEs for all materials in the same way. Compared 

o 1 K, we observe that at 300 K the TB densities of the ran-

om MEA and A -atom materials are still high during the release 

nd tension stages. In contrast, fewer nanotwins are observed in 

he 350KMDMC material at elevated temperature. For MPEAs, sam- 

les with ISFEs below ∼ 21mJ / m 

2 tend to favor nanotwinning [96] . 

ince the ISFE value of the random MEA is still negative at 300 K 

97] and a similar ISFE value can be assumed in A -atom model, a 

reference for nanotwinning is maintained at 300 K. On the con- 

rary, the 350KMDMC material lacks nanotwins since thermal ef- 

ects at 300 K likely increase further its ISFE. 

The spallation of NC models shows different f eatures com pared 

o the aforementioned SC models due to the existence of GB. As 

resented in Fig. 15 (a), voids in the NC 350KMDMC MEA nucleate 

t triple GB points with Ni segregation where the hydrostatic ten- 
11 
ile strains are large. Next in Fig. 15 (b) and (c), after nucleation, 

he voids grow preferentially along the Ni segregation regions at 

he GBs, rather than grow and expand in the lattice as they did in 

he SCs. As a result, we observe that unlike the SCs, their expan- 

ion is not accompanied by a rapid decrease in SP and SF densities 

 Fig. 14 (a) and (d)). The CSRO evolution of α1 
NiNi 

and α1 
CoCr 

in the 

C 350KMDMC MEA is tracked in Figure S8 to confirm the pre- 

erred nucleation sites at Ni region. 

On the contrary, in Fig. 16 , NC random MEA and A -atom sam- 

le do not have a preferential pathway within the Ni segregation 

or void growth, though voids also nucleate at triple GB junctions 

imilar to 350KMDMC MEA. As seen in prior MD calculations of 

hock compression of NC pure metals [98] , voids in all materials 

ere prefer to nucleate at some specific GB sites, such as triple 

unctions, despite the fact that the interior of the grains are left 

efective after the first two stages. Accordingly, the voids grow ra- 

ially during spallation in the two models without CSRO, see the 

pall morphology of all three models in Figure S9. 

.3. Discussion 

The anisotropy in the HEL in the A -atom sample, the reference 

odel, resembles those in other FCC pure metals like Cu. In these 

ases, the HEL anisotropy is governed by the number of activated 

lip systems. In pure FCC metals, where LD is absent, the atomic 

rrangement and structure is ordered, and the lattice resistance to 

islocation glide is relatively low. Thus, the HEL corresponds to the 

oment of dislocation nucleation. Consequently, the [111] loading 

irection has lower σHEL than the [1 1 0] loading direction in the 

 -atom material because it is oriented to activate more slip sys- 

ems (six rather than four). For the random MEA, the ranking of 

HEL for these two loading directions is reversed, since dislocation 

ucleation becomes easier and propagation harder due to the exis- 

ence of LD. Hence, the process of dislocation propagation decides 

EL. Compared to [111] direction, the larger Schmid factors along 

he [1 1 0] direction aids dislocation glide by more suitably orient- 
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Fig. 14. Evolution of (a)-(c) planar fault (TB and SF) densities and (d)-(f) dislocation densities in the NC MEAs and A -atom model under shock compression of U p = 600 m/s 

at 1 K. The grey vertical dashed line denotes the void nucleation event. (g)-(i) The snapshots of defects are chosen at different stages. White dashed circles denote the 

fracture regions during the tension stage. The atomic color scheme used for defects and the definitions of these models are consistent with those in Fig. 1 . FCC atoms are 

removed to better visualize the defects. 

Fig. 15. (a) Void nucleation at GB with Ni segregation (denoted by dashed circles) 

and (b) their initial growth along GBs (denoted by dashed circles) with (c) large 

α1 
NiNi 

in the NC 350KMDMC MEA model under U p = 600 m/s at 1 K. FCC atoms are 

removed to better visualize the GBs and defects. 

i

o

H

H

a

t

3

a

e

t

d

Fig. 16. (a), (c) Void nucleation at GBs (denoted by dashed circles) and their initial 

growth along GBs in the NC random MEA material and A -atom metal under U p 
= 600 m/s at 1 K, respectively. (b) shows the preferential nucleation site in the 

random MEA material at regions with relatively large α1 
NiNi 

. FCC atoms are removed 

to better visualize the GBs and defects. 

e

s

l

H

a

a

u

l

[

ng the glide planes for greater resolved shear stresses needed to 

vercome the slip resistance induced by LD, leading to a lower 

EL. 

In addition to LD, the existence of CSRO in MEA increases the 

EL by raising both the energy barrier for dislocation nucleation 

nd the slip resistance to dislocation propagation, compared to 

he random MEA with no CSRO. As a result, higher HEL in the 

50KMDMC and 950KMDMC materials than in the random MEA 

rises. The notion that large resistance to dislocation motion helps 

nhance the HEL of MPEAs under shock loading is consistent with 

he recent proposal put forth by Jiang et al. [52] . Specifically, they 

iscussed that severe local LD leads to the formation of large local 
12 
lastic stress field, and the interactions between these local elastic 

tress fields and the stress fields of dislocations will hinder dis- 

ocation movements in MPEAs. The present work reveals that the 

EL is linked with not only the dislocation nucleation event, but 

lso the dislocation propagation process. Therefore, the roles of LD 

nd CSRO on both nucleation and glide processes are important in 

nderstanding their collective effect on the HEL. 

It has been proposed that more twins produced under shock 

oading can further improve the shock resistance of materials 

99,100] . Here, we reveal that CSRO characteristic of some MEAs in- 
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irectly affect the propensity for nanotwinning during shock load- 

ng. As shown in Fig. 8 and Figure S2, nanotwinning develops in 

he release and tension stages provided that the shock pressure is 

igh to nucleate sufficient dislocations at the previous shock com- 

ression stage. By virtue of a higher ISFE than the random MEA or 

 -atom materials with no CSRO, the 350KMDMC sample with CSRO 

avors the annihilation of SFs, which reduces chances for twin for- 

ation ( Fig. 7 (c)). Moreover, GBs can aid the annihilation of SFs 

y acting as sinks for dislocations during the release stage. Con- 

equently, the 350KMDMC NC produces less nanotwins than these 

wo other NC materials ( Fig. 14 ). 

In simulation, spallation begins with the nucleation and growth 

f voids, and for the most part, the mechanisms for both processes 

een in the MEAs are similar to those reported for pure metals or 

onventional alloys. However, here we find that atomic-scale CSRO 

an influence the sites on which these processes occur. In SCs, void 

ucleation sites coincide with the weak amorphous zones gener- 

ted either at the intersection of SFs or during the previous com- 

ression stage, as would be expected in traditional metals. We also 

nd that another type of nucleation site exists in CoCrNi that cor- 

esponds to a relatively high degree of CSRO in Ni segregation. The 

train distributions in Fig. 10 show that the regions of Ni segrega- 

ion have high localized hydrostatic tensile strain, resulting from 

he lattice mismatch between Ni and CoCr. This reason is simi- 

ar, although realized at a finer scale, to that reported in a re- 

ent study on the dynamic damage evolution of two-phase MPEAs 

53] , where it was found that the residual stress difference in the 

artensite phase and the matrix led to the preferential void nu- 

leation site inside the matrix with tensile residual stress. In NCs, 

s in pure metals, voids prefer to nucleate at triple junctions. In 

 recent shock loading experiment of an MPEA, voids nucleated at 

he triple junctions of high-angle grain boundaries, coalesced and 

xtended to the grain interior [54] . However, our simulation re- 

eals that high CSRO for Ni segregation and its association with 

arger hydrostatic strain in the GBs provide an alternate preferred 

oid growth and coalescence path. In NCs, the CSRO and ISFE of 

n MPEA can be properly tuned to affect the amount of nanotwin- 

ing and the spallation morphology to further improve the shock 

esistance of materials. 

. Conclusions 

In this work, the shock-induced wave propagation, defect evo- 

ution and spallation in single crystal (SC) and nanocrystalline (NC) 

oCrNi, a medium entropy alloy (MEA) are investigated using both 

ybrid Monte Carlo/molecular dynamics (MD) and large-scale MD 

imulations. The same MD calculations are repeated for an A -atom 

aterial, a hypothetical pure metal with the same average proper- 

ies as CoCrNi, for reference. For all materials, the Hugoniot elastic 

imit (HEL) is obtained. The main findings are as follows. 

• The HEL in the MEA exhibits an anomalous anisotropy, wherein, 

unlike for pure metals, the HEL in the [1 1 0] shock direction 

is lower than that in the [111] direction. The difference is at- 

tributed to lattice distortion (LD) in the MEA, which lowers the 

barrier for dislocation nucleation but substantially increases the 

resistance against dislocation propagation. 

• LD aids in the formation of nanotwins by slowing down disloca- 

tion propagation in the release and tension stages, while higher 

degree of chemical short-range order (CSRO) increases the av- 

erage intrinsic stacking fault above that of the random mate- 

rial and more SFs annihilate in the release stage, reducing the 

chances for nanotwinning. 

• Voids prefer to nucleate at Ni segregation sites (with high 

CSRO) due to the large hydrostatic tensile strain created by the 

lattice mismatch between Ni and CoCr clusters. Voids initially 
13 
grow in the Ni regions before further expansion and coales- 

cence, leading to a rugged void growth path. 

• In the SCs, voids nucleated at the stacking fault intersections 

grow by adsorbing pre-existing dislocations close to their sur- 

face, while voids initiated in shock-induced amorphization ex- 

pand within these amorphous regions. In contrast, in NCs, the 

voids generated at triple GB junctions with high Ni CSRO grow 

preferentially along the GBs with Ni segregation before extend- 

ing into the grain interior. 
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ppendix A. Physical parameters 

able A1 

he symbol, physical parameter and the calculation method for each quantity in 

his work. 

Symbol Parameter Calculation method 

σxx Shock pressure Binning analysis 

σyy , σzz Lateral stress Binning analysis 

τ Shear stress 
σxx −(σyy + σzz ) / 2 

2 

σHEL / HEL Hugoniot elastic limit The lowest stress value of 

the extended elastic wave 

plateau (SC) / The 

inflection point of 

elastic-plastic wave profile 

(NC) 

U p Particle velocity Velocity of virtual wall 

V atom Atomic volume Voronoi method 

εxx , εyy , εzz Normal strain components —

εh Hydrostatic strain 
εxx + εyy + εzz 

3 

m Particle mass —

N Particle number —

v x , v y , v z Components of velocity vector —

v COM Local center-of-mass velocity Binning analysis 

k b Boltzmann constant 1 . 38 × 10 −23 J / K 

T avg . Average temperature of a local 

neighborhood with N atoms 

1 
3 Nk b 

∑ N 
i =1 m i [(v ix − v COM ) 

2 + 

v 2 
iy 

+ v 2 
iz 

] 

upplementary material 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.actamat.2021.117380 
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