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a b s t r a c t 

The excellent dislocation storage ability of bulk multi-principal element alloys (MPEAs) has been widely 

reported. To date, however, the underlying mechanisms of dislocation escape behavior in small-size face- 

centered cubic (FCC) MPEAs have rarely been studied. Here, we quantitatively control the initial dislo- 

cation densities ( ∼10 15 m 

–2 and ∼10 16 m 

–2 ) by large-scale molecular dynamics (MD) simulations and 

perform uniaxial compression simulations to compare the dislocation starvation behavior of CrCoNi with 

pure Cu single crystal pillars (SCPs). The analysis reveals that the CrCoNi SCPs with low initial dislocation 

density ( ∼10 15 m 

–2 ) can continuously accommodate mobile dislocations, and the critical dimension for 

dislocation starvation is about 30 nm. In particular, the CrCoNi SCPs with chemical short-range ordering 

(SRO) exhibit better dislocation storage and multiplication abilities than the random solid solution (RSS) 

samples even when the initial dislocation density is low. However, the presence of a large number of 

pre-existing dislocation locks governs the strong dislocation multiplication ability of the small-size RSS 

CrCoNi SCPs, in obvious contrast to the deformation of all pure Cu SCPs which is completely dominated 

by intermittent mobile dislocation starvation. Most importantly, we reveal the fundamental physics for 

the good dislocation storage of CrCoNi SCPs at small sizes from the perspective of chemical heterogeneity. 

The new phenomena reported in this work provide a unique atomic-scale perspective for understanding 

the microscopic physical origin of the mechanical behavior of MPEAs and the discovery of extremely slow 

dislocation escape behavior in small-scaled pillars, providing a reliable basis for the development of the 

dislocation starvation model. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

“Smaller is stronger” is prominent in micron and submicron sin- 

le crystals [ 1 , 2 ]. The strength of some nanowires can even ap-

roach the theoretical value [3–6] . Dating back to the early 21st 

entury, the size effect was revealed by performing uniaxial com- 

ression tests on micropillars with diameters in micrometers and 

ub-micrometers [7] . Unlike the bulk materials, the compressive 

tress–strain curves for the single crystal micropillars were not 

ontinuous, but with pronounced intermittency [8–10] . Greer and 

o-workers [11] proposed a dislocation starvation model to explain 

he discontinuous plastic behavior of submicron-sized single crys- 

al pillars (SCPs). This model suggests that dislocations escape from 
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he free surface easily when the sample size is small enough. Cor- 

espondingly, the dislocation multiplication rate is lower than the 

nnihilation rate, resulting in decreased dislocation density and 

ven dislocation starvation. The intermittent plastic deformation 

an only be driven by repeated surface dislocation nucleation. The 

islocation starvation model has been justified by in-suit compres- 

ion experiments [ 12 , 13 ]. The classical dislocation starvation model 

as been demonstrated in pure metals and conventional alloys 

ith dilute elemental concentrations [ 14 , 15 ], but has not been well

tudied in multi-principal element alloys (MPEAs). 

In the early years, researchers focused on high-entropy al- 

oys (HEAs) with five or more principal elements [ 16 , 17 ] for their

utstanding thermal stability [18] , strength, hardness [ 19 , 20 ], fa- 

igue properties, wear resistance [ 21 , 22 ], etc. Later, Gludovatz 

t al. [23] successfully prepared the CrCoNi medium-entropy al- 

oy (MEA), which also had excellent mechanical properties. Re- 

earchers have attributed the excellent mechanical properties of 
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Fig. 1. A flowchart showing the modeling process of the SCPs. 

A

a  

c

b

s

a  

s

[

l

(

[  

e

n

t

t

b

d

t

s

m

f

l

f

p

T

(  

t

(

o

c

�

EAs and MEAs to their unique dislocation activities [24–26] . Yang 

t al. [27] found that dislocations move on an average speed of 

10 −8 m s –1 (significantly slower than that in pure FCC metals) 

hile performing the shear stress of ∼200 MPa, in Al 0.1 CoCrFeNi 

EA nanopillars. In addition, they also found that dislocations tend 

o accumulate inside the HEA SCPs [27] rather than quickly escap- 

ng from the surface [8] . Giwa et al. [28] observed that disloca- 

ion densities in the deformed HEAs submicron pillars were signif- 

cantly higher than in pure metals. However, accurate capture of 

he dislocation activities by in-situ TEM and SEM is difficult due to 

he intrinsic instrumental noise in the detection equipment [29] , 

specially at high strain rates. Besides, it is also difficult to accu- 

ately measure the dislocation density in the area damaged by the 

ocused ion beam (FIB) [1] . Thus, detailed insight into the physi- 

al origin of the deformation behavior for the MPEA SCPs is still in 

emand. 

Chemical short-range order (SRO) is considered an impor- 

ant factor that causes the unique dislocation behavior of MPEAs 

 30 , 31 ]. Our previous work shows that local chemical order plays

 crucial role in preventing dislocation glide and increasing dislo- 

ation storage in Ni 2 Co 1 Fe 1 V 0.5 Mo 0.2 MEA. However, direct visual- 

zation of SRO is still a conundrum, which requires advanced com- 

ositional characterization techniques, such as high-angle annular 

ark-field (HAADF) imaging [ 32 , 33 ] and three-dimensional atom 

robe tomography (3D-APT) [34] . 

As an alternative approach, molecular dynamics (MD) simula- 

ion provides good insight into the relationship between chemi- 

al SRO and mechanical behaviors of alloys [35–37] . Besides, the 

roper MD simulations can provide unique insights for in-situ ob- 

ervation [38–40] . So far, many atomic simulations devoted to plas- 

ic behaviors of the single crystal samples free of pre-existing dis- 

ocations, resulting in an apparent deviation from the actual exper- 

mental results. For example, extremely high stress close to theo- 

etical strength [41] and intermittent strain bursts significantly be- 

ow the initial yield stress [ 42 , 43 ] have been revealed by atomic

imulations. Jennings et al. [44] argued that pre-existing defect is 

n indispensable factor for realistic SCPs to reflect the size effects. 

In this work, based on the vacancy loops method described by 

epeda-Ruiz et al. [45] , the initial dislocation densities in 36 sam- 

les with different sizes were precisely controlled in the range be- 

ween ∼10 15 m 

–2 and ∼10 16 m 

–2 . By performing uniaxial compres- 

ion simulations, we investigated the dislocation behaviors in pure 

u, random solid solution (RSS), and SRO CrCoNi SCPs, and probed 

he dislocation escape in CrCoNi SCPs having RSS and SRO. It is 

ound that the critical pillar size required for having dislocation 

tarvation in CrCoNi MEA SCPs is much smaller than that in pure 

etals. Most importantly, this work reveals the underlying reason 

or the retardation of mobile dislocation starvation in CrCoNi MEA 

CPs. 

. Methods 

MD simulations were carried out with the Large-scale 

tomic/Molecular Massively Parallel Simulator (LAMMPS) [46] . Em- 

edded atom method (EAM) interatomic potentials were used in 

his work. The EAM potential developed by Mishin et al. [47] has 

een widely used to explore the mechanical properties of various 

u systems, because of its reliable performance in reproducing im- 

ortant physical properties [48] . For the Cr-Co-Ni system, EAM in- 

eratomic potential developed by Li et al. [35] was adopted to com- 

are the dislocation starvation behavior in RSS and SRO configura- 

ions under uniaxial compression. 

The orientations of modeled nanopillars are [ 1 ̄1 0 ] x , [ 11 ̄2 ] y , and 

 111 ] z . Pure Cu SCPs were used to demonstrate the dislocation 

tarvation behavior. Each model with a certain chemical SRO was 

ubjected to a hybrid Monte Carlo (MC)/MD relaxation [ 49 , 50 ]. 
61 
 hybrid MC/MD relaxation with N /4 times ( N is the number of 

toms) of trial swaps every 0.05 ps for a total of 80 0 0 0 MC cy-

les was performed based on an isobaric-isothermal (NPT) ensem- 

le at 300 K and zero external pressure, to adequately relax each 

ystem. The parameters of chemical potential difference were set 

s �μNi −Cr = 0 . 32 eV and �μCo −Cr = 0 . 299 eV . Firstly, the square-

haped perfect SCPs were made. Then, the vacancy loops method 

45] was adopted to prepare the nanopillars with pre-existing dis- 

ocations. A total of 36 vacancy loops were introduced to the ( 11 ̄1 ) , 

 1 ̄1 1 ) , ( ̄1 11 ) , and ( 111 ) crystal planes by using the Atomsk package 

51] . The SCPs were annealed at 30 0 K for 20 0 ps based on the NPT

nsemble at zero pressure. If the initial dislocation density was 

ot in the designated range, the sizes of the vacancy loops have 

o be adjusted, and annealed again, until the final structures meet 

he requirements. The initial dislocation density can be controlled 

y controlling the pre-existing vacancy loops, because subsequent 

islocation interactions may prevent escapes of dislocations from 

he free surface. However, if the inserted vacancy loops were too 

mall, especially when the dislocation density was lower than 10 15 

 

–2 , it causes difficulty to control the dislocation density. There- 

ore, ∼10 15 m 

–2 was defined as the lower bound for the initial dis- 

ocation density in our simulations. Fig. 1 shows the basic process 

or constructing the models. 

To distinguish the CrCoNi MEAs with chemical SRO and RSS, 

lanar distributions of elements are presented in Fig. 2 (a, b). 

he line profiles of elemental concentrations for the SRO sample 

 Fig. 2 (c)) fluctuate in the wide range from 46% to 13%. In contrast,

he line profiles of elemental concentrations for the RSS sample 

 Fig. 2 (d)) fluctuate moderately, suggesting the random distribution 

f elements. The SRO parameters for RSS and SRO samples are cal- 

ulated based on the definition [52] : 

p m 

ij = p m 

ij − p m 

0 , ij (1) 
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Fig. 2. (a, b) Atomic configurations for SRO and RSS CrCoNi systems, respectively. (c, d) Line profiles of elemental concentration taken from (a, b). (e) Chemical SRO param- 

eters �δ1 
i j 

for CrCoNi MEAs at 300 K. 
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here m is the m th nearest-neighbor shell of the central atom i , 

p m 

ij 
is the average probability of finding an atom of type j around 

he i -type atom within the m th shell, p m 

0 , ij 
is the average probabil-

ty proportional to the corresponding concentration. The positive 

alue of �p m 

ij 
indicates the tendency of atom j approaching the 

 th shell of the atom i , while the negative value of �p m 

ij 
indicates

he opposite [35] . Fig. 2 (e) shows that the SRO parameter for each

air of atoms in the RSS sample is close to zero, indicating the al- 

ost random distribution of three-principal elements. In contrast, 

he SRO parameters for SRO samples suggest an apparent ordering 

f elements. Note that the chemical SRO of various atomic pairs 

an be changed by different annealing times and temperatures in 

he experiments [33] . Therefore, our work only represents one case 

ith high SRO. 

Table 1 lists the dimensions and initial dislocation densities for 

he SCPs. The dislocation densities are set at ∼10 15 m 

–2 and ∼10 16 

 

–2 . Benzerga [53] pointed out that dislocation starvation occurs 

n single crystals with low dislocation densities. According to early 

xperimental results, ∼10 12 m 

–2 is considered low dislocation den- 

ity, and ∼10 15 m 

–2 is considered high dislocation density [ 54 , 55 ].

EM is usually used to observe dislocations in thin samples in- 

luding nano/micro-pillars but may underestimate the dislocation 

ensity because of the invisibility criterion for diffraction contrast 

maging. However, the length of dislocations can be calculated ac- 
62 
urately by the dislocation extraction algorithm (DXA) [56] , thus 

he dislocation densities in simulations are higher than that mea- 

ured by TEM. 

All SCPs were energy-minimized using the conjugate gradient 

CG) method with force and energy tolerances of 10 –8 eV and 10 –12 

V Å 

–1 , respectively. The time step of hybrid MC/MD relaxation 

as set to 2.5 fs. The other MD simulations were carried out with 

he time step of 5 fs. Compression simulations were performed by 

eforming the SCPs at a strain rate of 10 8 s –1 under the canonical 

NVT) ensemble, and the temperature was set to 300 K. Periodic 

oundary condition (PBC) was imposed parallel to the loading axis, 

hile the planes perpendicular to the loading axis were considered 

ree surfaces to minimize the effects of aspect ratio and bound- 

ry on the predicted compressive deformation behaviors [57] . The 

imulation results were analyzed with the Open Visualization Tool 

OVITO) software [58] . 

. Results 

.1. Uniaxial compression deformation of SCPs with low initial 

islocation density 

The compressive stress–strain curves for SCPs with different 

izes are shown in Fig. 3 (a, b, d, e, g, h). The pre-existing dislo-
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Table 1 

Dimension and the total initial dislocation densities for the < 111 > SCPs. 

System Sample 

Pillar dimension ( x 

nm × y nm × z 

nm) 

High dislocation 

density (m 

–2 ) 

Low dislocation 

density (m 

–2 ) 

CrCoNi 

(RSS) 

RSS-15-15-22.5 15 × 15 × 22.5 3.37 × 10 16 6.00 × 10 15 

RSS-20-20-30 20 × 20 × 30 3.28 × 10 16 3.68 × 10 15 

RSS-25-25-37.5 25 × 25 × 37.5 3.70 × 10 16 4.88 × 10 15 

RSS-30-30-45 30 × 30 × 45 3.78 × 10 16 3.49 × 10 15 

RSS-35-35-52.5 35 × 35 × 52.5 3.22 × 10 16 4.25 × 10 15 

RSS-40-40-60 40 × 40 × 60 3.33 × 10 16 4.22 × 10 15 

CrCoNi 

(SRO) 

SRO-15-15-22.5 15 × 15 × 22.5 3.44 × 10 16 3.70 × 10 15 

SRO-20-20-30 20 × 20 × 30 3.70 × 10 16 3.95 × 10 15 

SRO-25-25-37.5 25 × 25 × 37.5 3.64 × 10 16 3.74 × 10 15 

SRO-30-30-45 30 × 30 × 45 3.64 × 10 16 2.60 × 10 15 

SRO-35-35-52.5 35 × 35 × 52.5 3.20 × 10 16 5.65 × 10 15 

SRO-40-40-60 40 × 40 × 60 3.32 × 10 16 4.11 × 10 15 

Cu Cu-15-15-22.5 15 × 15 × 22.5 3.06 × 10 16 6.00 × 10 15 

Cu-20-20-30 20 × 20 × 30 3.55 × 10 16 4.04 × 10 15 

Cu-25-25-37.5 25 × 25 × 37.5 3.69 × 10 16 5.39 × 10 15 

Cu-30-30-45 30 × 30 × 45 3.54 × 10 16 4.89 × 10 15 

Cu-35-35-52.5 35 × 35 × 52.5 3.48 × 10 16 4.17 × 10 15 

Cu-40-40-60 40 × 40 × 60 3.25 × 10 16 4.29 × 10 15 

Fig. 3. Typical compressive stress–strain response of (a, b) Pure Cu, (d, e) RSS CrCoNi, and (g, h) SRO CrCoNi SCPs with low dislocation density ( ∼10 15 m 

–2 ) and sizes ranging 

from 15 nm × 15 nm × 22.5 to 40 nm × 40 nm × 60 nm. (c, f, i) Initial dislocation distribution of 40 nm × 40 nm × 60 nm size SCPs corresponding to pure Cu, RSS, and 

SRO CrCoNi MEAs, respectively. 

63
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Fig. 4. Dislocation density vs strain plots under compressive loading for three kinds of SCPs with low dislocation density ( ∼10 15 m 

–2 ). (a) 20 nm × 20 nm × 30 nm, (b) 30 

nm × 30 nm × 45 nm, and (c) 40 nm × 40 nm × 60 nm. (d–f) Counts of Hirth and Stair-rod dislocations corresponding to the SCPs with different sizes. 
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ations were analyzed by DXA and shown in Fig. 3 (c, f, i). After 

he first yielding of Cu SCPs, dislocation quickly escapes due to the 

nfluence of image force and the low probability of dislocation in- 

eraction at the nanoscale. However, there is no mobile dislocation 

nside for further plastic deformation (see Supplementary Videos 

1 and S2), so the second and third yielding appear (see Fig. 3 (b)).

hese intermittent re-yielding behaviors are also known as strain 

ursts or exhaustion hardening [59] . Interestingly, the stress–strain 

urves of RSS-30-30-45, RSS-35-35-52.5, and RSS-40-40-60 SCPs 

how a steady state of plastic flow ( Fig. 3 (e)). Furthermore, SRO 

rCoNi SCPs do not show any significant strain bursts until the 

ize dropped to 25 nm × 25 nm × 37.5 nm. Pure Cu, RSS, and 

RO CrCoNi SCPs all show a significant trend of initial yield stress 

trengthening with decreasing pillar size, which is called “smaller 

s stronger” [13] . For example, the yield stress of the Cu, RSS, and 

RO CrCoNi SCPs with a size of 40 nm × 40 nm × 60 nm is 4.09,

.50, and 6.29 GPa, respectively. In contrast, the yield stress of 

hese three SCPs with a size of 20 nm × 20 nm ×30 nm is 7.11,

.31, and 9.66 GPa, respectively. However, the yield stress of per- 

ect SCPs (see Fig. 4 (a–c)) has no obvious size effect. This problem 

ill be discussed in Section 4.2 . 

To explore the differences in dislocation behavior, the disloca- 

ion density of the SCPs with the size of 20 nm × 20 nm × 30 nm,

0 nm × 30 nm × 45, and 40 nm × 40 nm × 60 nm was adopted

s examples, as shown in Fig. 4 (a–c). Dislocation starvation (corre- 

ponding to the moment that the density of Shockley partial dis- 

ocation is close to zero) dominates the deformation process of 

CPs with the size of 20 nm × 20 nm × 30 nm and 30 nm × 30
64 
m × 45 nm, except for the SRO-30-30-45 sample. It indicates that 

he deformation of relatively small CrCoNi SCP is also controlled by 

epeated dislocation avalanches. However, the SRO-30-30-45, SRO- 

0-40-60, and RSS-40-40-60 samples do not show dislocation star- 

ation behavior. According to Ref. [60] , dislocation pile-ups against 

islocation bands were observed, resulting in intermittent and sec- 

ional movement of dislocations in Al 0.1 CoCrFeNi HEA. While the 

eformation of the Cu pillar is dominated by a large number of 

requently escaping dislocations. Similarly, our results indicate that 

he Cu-40-40-60 sample reaches a high dislocation density state 

 ρtotal = 2.72 × 10 16 m 

–2 ) after the third yielding (corresponding 

o ε ≈ 10%), but instead of retaining the dislocation network in- 

ide the pillar, almost all the mobile dislocations escape, as shown 

y the snapshots in Fig. 5 (a). Fig. 5 (b, c) shows the evolution of

he dislocation network in the MEA SCPs under plastic deforma- 

ion. RSS-40-40-60 is the sample with the most counts of Stair-rod 

nd Hirth dislocations of all the SCPs with a size of 40 nm × 40 

m × 60 nm, as shown in Fig. 4 (d, e). The visualization results 

atched with the statistical results also show that a large num- 

er of sessile Hirth and Stair-rod dislocations restrict the activity 

f mobile Shockley partial dislocations, as shown in Fig. 5 (b). The 

ynamic deformation details of the relatively large RSS SCPs (Sup- 

lementary Video S4) intuitively reflect the constraint from sessile 

islocations. Although the number of Stair-rod and Hirth disloca- 

ions in the SRO-40-40-60 sample is relatively small, its mobile 

hockley partial dislocation density is significantly higher than that 

f the RSS-40-40-60 sample ( Fig. 4 (c)), and even induces obvious 

ultiplication of mobile dislocations, as revealed in Fig. 5 (c). 
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Fig. 5. Compression deformation behavior of SCPs with the size of 40 nm × 40 nm × 60 nm. Dislocation networks of (a) Cu-40-40-60, (b) RSS-40-40-60, and (c) SRO-40- 

40-60 SCPs at different strain. (d) Local von Mises shear strain of the three SCPs at ε = 7.5%. 
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Current visualization technology cannot capture the escaping 

islocations on a free surface. Therefore, here we qualitatively 

ompare the degree of dislocation escape in the three kinds of 

CPs, in accordance with von Mises effective strain. To obtain the 

ocal shear strain ε Mises 
m 

for m th atom, a local transformation ma- 

rix P m 

is determined by the expression [61] : 

 m 

= 

( ∑ 

n ∈ N 0 m 

(l 0 mn ) 
T 
l 0 mn 

) −1 ( ∑ 

n ∈ N 0 m 

(l 0 mn ) 
T 
l mn 

) 

(2) 

here l 0 mn and l mn are row vector separations related to m th and 

 th atoms, and the superscript 0 represents the reference moment 

f ε = 0%. N 

0 
m 

is the total number of nearest neighbors of the m th

tom. The local strain matrix εm 

for the m th atom is calculated by: 

 m 

= 

1 

2 

(
P m 

P T 
m 

− 1 

)
(3) 

Then, the local shear strain can be calculated: 

 

Mises 
m 

= 

√ 

ε 2 xy + ε 2 xz + ε 2 yz + 

( ε xx − ε yy ) 
2 + ( ε xx − ε zz ) 

2 + ( ε yy − ε zz )

6 

(4) 
65
The dark color represents the atoms with the higher local shear 

train, as shown in Fig. 5 (d). The dotted lines in three different col- 

rs represent the traces of the dislocations escaping from the free 

urface. The densest and most visible traces are found in Cu-40-40- 

0 SCP, while only a few dark traces are shown in RSS-40-40-60 

nd SRO-40-40-60 SCPs, indicating that the dislocation escape be- 

avior in MEA is weakened in MEA in comparison to pure metals. 

esides, the dark traces of RSS-40-40-60 SCP are almost parallel, 

hich corresponds to the parallel SFs in Fig. 5 (c). 

.2. Uniaxial compression deformation of SCPs with high initial 

islocation density 

The stress–strain response of SCPs with initial dislocation den- 

ities of ∼10 16 m 

–2 is shown in Fig. 6 (a–f). The yield stresses 

re close to the experimental values of the submicron-sized SCPs 

0.75-1.05 GPa for pure Cu [44] and 1.5–2.5 GPa for CrCoNi MEA 

 62 , 63 ]). Besides, pure Cu and two kinds of MEA SCPs reach the

ielding state in advance ( εyield,Cu < 1% and εyield,CrCoNi < 2.5%), 

hile the corresponding values of perfect SCPs or pillars with low 

nitial dislocation density are significantly greater than 1% and 2.5% 

see Fig. 4 (a–c)). The stress–strain curves for Cu SCPs always show 

train bursts after yielding, and the extents of strain bursts increase 
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Fig. 6. Typical compressive stress-strain response of (a, b) Pure Cu, (c, d) RSS CrCoNi, and (e, f) SRO CrCoNi SCPs with high initial dislocation density ( ∼10 16 m 

–2 ) and sizes 

ranging from 15 nm × 15 nm × 22.5 nm to 40 nm × 40 nm × 60 nm. Dislocation distribution of (g) SRO-20-20-30, (h) SRO-30-30-45, and (i) SRO-40-40-60 samples before 

yielding. Local enlargement in the blue dotted frame shows multiple dislocation junctions in a high initial dislocation density SCPs. 
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ith the decrease of pillar size. For example, the Cu-35-35-52.5 

nd Cu-40-40-60 SCPs in Fig. 6 (b) do not exhibit strain bursts until 

> 10%. In contrast, the SCPs with a size smaller than 30 nm × 30 

m × 45 nm all exhibit at least three strain bursts during the 

eformation, as shown in Fig. 6 (a, b). However, the stress–strain 

urves of RSS and SRO CrCoNi SCPs present a nearly consistent flat 

hape, and the strain bursts did not occur until the sample size is 

educed to 25 nm × 25 nm × 37.5 nm. Besides, the amplitude of 

train bursts is significantly smaller than that of the corresponding 

CPs with low initial dislocation densities. Fig. 6 (g–i) shows the 

islocation distribution of SRO-20-20-30, SRO-30-30-45, and SRO- 

0-40-60 SCPs before yielding (other SCPs are shown in Supple- 

ent Material S2). The partially enlarged view of Fig. 6 (i) shows 

he dislocation junctions of the associated multi-slip systems. The 

igh-density dislocation network in the SCPs is a widespread dis- 

ocation source, it induces strong short-range interactions between 

islocations at the beginning of deformation to slow down the dis- 
66 
ocation escape. Correspondingly, the dislocation network evolution 

f the three typical SCPs containing high initial dislocation density 

s shown in Supplementary Videos S8–S10. 

Fig. 7 (a–c) shows the evolution of total dislocation density and 

hockley partial dislocation densities vs strain. Although the dis- 

ocation exhaustion occurred in the SRO-20-20-30 SCP, the escape 

ate of mobile dislocation is low (from ρshockley, ε= 0% = 3.70 × 10 16 

 

–2 to ρshockley, ε= 15% = 7.78 × 10 15 m 

–2 ), while the Shockley 

artial dislocations in Cu-20-20-30 SCP have been completely ex- 

austed at ε ≈ 5%. On the contrary, for RSS-20-20-30 SCP, Shockley 

artial dislocations are stable, and dislocation escape is restricted 

 Fig. 7 (a)) due to the presence of a number of sessile Hirth dis-

ocations ( Fig. 7 (c)). As shown in Fig. 7 (d), the dislocation density 

f Shockley of RSS-30-30-45 SCP does not decrease but continues 

o increase. SRO-30-30-45 SCP also maintains a stable dislocation 

ensity. When the pillar size is 40 nm × 40 nm × 60 nm (see 

ig. 7 (g)), the Shockley partial dislocation density of two CrCoNi 
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Fig. 7. Dislocation density plots under compressive loading for SCPs with high initial dislocation density ( ∼10 16 m 

–2 ). (a, d, g) Total and Shockley partial dislocation density, 

(b, e, h) Stair-rod dislocation density, and (c, f, i) Hirth dislocation density. 
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CPs keeps increasing during the plastic deformation. The statis- 

ical Stair-rod and Hirth dislocation density (see Fig. 7 (b, c, e, f, 

, i)) indicate that the multiplication of mobile dislocation in RSS 

nd SRO SCPs may be related to the dislocation locks. For pure Cu, 

he trend of dislocation exhaustion cannot be well overcome even 

ith high initial dislocation density and relatively large pillar size. 

o provide a more convincing case of this phenomenon in pure Cu, 

he Supplementary Material S3 shows that the dislocation starva- 

ion happens in the SCP with a size of 70 nm × 70 nm × 105 nm,

hich contains approximately 43 million atoms. 

Calculating the densities of Stair-rod and Hirth dislocations 

lone has limitations in understanding the specific information of 

islocations since it is not rigorous to equate all related types 

f dislocation to both lock structures (Lomer–Cottrell (L–C) and 

irth). Besides, L–C and Hirth dislocation locks are not really im- 

obile because they may still disappear due to surface annihila- 

ion under high stress [64] . Based on the above considerations, the 

otal numbers of these two kinds of dislocations and the length of 

ingle dislocation were counted when ε = 1%, 7.5%, and 15%, as 

hown in Fig. 8 . 

As shown in Fig. 8 (a), pure Cu has the largest count of Stair-

od dislocations. However, Fig. 8 (d) shows that nearly all length of 

he Stair-rod dislocations in Cu-40-40-60 is below 70 Å, except for 

he only longest Stair-rod dislocation. We notice that this longest 

tair-rod dislocation is associated with the glissile junction (see 

ig. 8 (a)), which is a mobile structure associated with a pinning 
67 
oint, and it will move out of the free surface after yielding. The 

ame junction was also found in RSS-40-40-60 SCP in Fig. 8 (a). Be- 

ides, it is reasonable for RSS-40-40-60 SCP to have the maximum 

ingle dislocation length at ε = 1% since the low γ isf of RSS CrCONi 

an induce a large number of intersecting SFs, which inevitably 

ead to many dislocation locks. For RSS-40-40-60 and SRO-40-40- 

0 SCPs, Hirth dislocation appears mostly as the dislocation locks 

see the enlarged illustrations in Fig. 8 (a, b)). However, all of the 

irth dislocations in Cu are not dislocation locks, since the count 

f Hirth dislocation in Cu ( Fig. 8 (a–c)) has a strong correlation with

islocation starvation ( Fig. 8 (d–f)). We found that these Hirth dis- 

ocations in Cu are actually generated during the cross-slip, while 

he cross-slip in SRO samples is mainly based on dislocation con- 

triction (see Supplementary Material S4 for details). There is no 

obile dislocation left in the Cu SCPs, but only the stable stacking 

ault tetrahedrons (SFTs) are retained at ε = 15% (see Fig. 8 (c)). In 

ontrast, there are a large number of mobile Shockley partial dis- 

ocations and L–C locks (the enlarged illustration in Fig. 8 (c) shows 

–C locks) in RSS-40-40-60 and SRO-40-40-60 SCPs, resulting in 

he high densities of dislocation networks. Although the initial sin- 

le length of Stair-rod and Hirth dislocations in the SRO-40-40-60 

s not as long as that of the RSS-40-40-60 ( Fig. 8 (d)), they maintain

 more stable variation of length during the subsequent deforma- 

ion process ( Fig. 8 (e, f)), which indirectly reflects that SRO samples 

low down the dislocation reaction by inhibiting the movement of 

obile dislocations. Therefore, strong chemical SRO is more con- 



L. Wang, B. Liu, J. Zhou et al. Journal of Materials Science & Technology 142 (2023) 60–75 

Fig. 8. DXA snapshot and counts of dislocations at different strains for SCPs with the dislocation density of ∼10 16 m 

–2 , where the blue, red, and black dotted lines contour 

represent Cu, RSS, and RSO CrCoNi SCPs, respectively. (a) ε = 1%, (b) ε = 7.5%, and (c) ε = 15%. Length of single dislocation at different strains for the SCPs with the size of 

40 nm × 40 nm × 60 nm corresponding to (a, b, c). (d) ε = 1%, (e) ε = 7.5%, and (f) ε = 15%. 
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ucive to the stability of the dislocation network and the persis- 

ence of plastic deformation. 

.3. Hysteresis and discontinuity of dislocation glide 

The long-range and short-range interactions between disloca- 

ions are unavoidable during the deformation of the SCPs, thus it 

s necessary to exclude these influences to compare the disloca- 

ion glide velocity of individual dislocation. A single crystal con- 

aining edge dislocation was constructed, as shown in Fig. 9 (a). The 

, y , and z axes are oriented along [ 110 ] , [ ̄1 11 ] , and [ 1 ̄1 2 ] direc-

ions, respectively. Here, in order to construct a periodic system, 

wo crystals were merged along the y direction. One more layer 

f atoms was set along the x -direction of the upper crystal than 

hat of the lower crystal and was compressed by 1/2 burgers vector 

 , and the lower crystal was elongated by b /2, so they both have

he same length along the x -direction. Subsequently, after energy 

inimization and structural relaxation for a sufficiently long pe- 

iod of time, the dislocation velocity of Ni, Cu, and RSS/SRO MEAs 

as investigated by applying shear stresses at 300 K. Fig. 9 (b, c) 

hows the dislocation structures in RSS and SRO models after re- 

axation. The configuration of edge dislocation exhibits fluctuations 
68 
n atomic distance due to the random elemental distribution. In 

ontrast, the initial configuration of edge dislocations in the SRO 

odel shows large curvature, due to the large separation of Ni and 

o-Cr atomic pairs. The Ni element exists in the form of nanoscale 

oherent precipitates, resulting in a fine distribution of ordered Co- 

r atomic pairs. 

Fig. 10 (a) represents the position of the edge dislocation as a 

unction of simulation time. Here, the relationship between posi- 

ion and time was obtained by calculating the mean position of the 

eading and trailing partial dislocations over time, along the slip 

lane ( ̄1 11 ) . The selected shear stresses were higher than the crit- 

cal shear stress in each system to ensure the activation of the dis- 

ocation glide. As shown in Fig. 10 (a), the ramp region represents 

he time interval for the applied shear stress to increase from zero 

o the target value, and the slope at each point of the curve equals 

he instantaneous dislocation velocity. By comparing the four posi- 

ion time function curves, it can be seen that pure Cu and Ni main- 

ain almost the same dislocation velocity at almost every moment 

fter the ramp region, because their corresponding curves almost 

oincide with the auxiliary straight lines. Similarly, Rodary et al. 

65] applied shear stress slightly higher than the critical shear 

tress to the Ni-based alloy with extremely low Al concentration, 
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Fig. 9. (a) Schematic of the shear model in which the full edge dislocation spontaneously split into two Shockley partials linked by a stacking fault. Edge dislocation 

morphology after energy minimization and structural relaxation at 300 K: (b) RSS and (c) SRO CrCoNi models. 
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hich also makes the edge dislocation glide at a constant veloc- 

ty. Apparently, dislocations glide continuously in pure metals and 

raditional dilute solid solutions. However, the instantaneous dis- 

ocation glide velocities in RSS and SRO MEA samples change fre- 

uently during plastic deformation, evidenced by the nonlinearity 

f the position-time function, as shown in Fig. 10 (a). 

Fig. 10 (b) shows the average dislocation velocity as a function of 

he applied shear stress. All curves demonstrate a nonlinear dislo- 

ation mobility relationship. Here a realistic exponential movement 

ule has been used to predict the dislocation mobility of pure met- 

ls below the first sound velocity [ 66 , 67 ]: 

 = v max 

(
1 − e −kτ

)
(5) 

here v max is the value of the first sound velocity, k is a constant

hich is equal to 0.0146 MPa –1 . Apparently, Eq. (5) predicts the av- 

rage dislocation velocities well for Ni and Cu, but not for CrCoNi 

EAs. It is expected that lattice friction and chemical SRO will 

e taken into account in the mobility law in future investigations. 

ith the increase of applied shear stress, the dislocation glide ve- 

ocities of pure Cu and Ni reach the transonic speed. In contrast, 

he RSS and SRO CrCoNi samples do not reach the transonic speed 

ven when the applied stress was as high as 1500 MPa. Interest- 

ngly, the shear stresses required to drive the edge dislocation glide 

n CrCoNi samples are significantly higher than that of the pure Ni 

nd Cu. Besides, the calculated critical resolved shear stress of the 

RO sample is about 500 MPa higher than that of the RSS sam- 

le, as shown in Fig. 10 (b), explaining the fact that the yield stress

nd flow stress of SRO SCPs are all higher than those of the RSS 

nes. The snapshots in Fig. 10 (c, d), show dislocation position and 

orphology from 30 to 52 ps. The dislocation lines in the pure Cu 

re nearly flat and moving fast. However, the dislocation lines are 

ighly distorted and stayed still in the SRO CrCoNi MEA until 52 

s. Furthermore, in Supplementary Video S7, the shape of the edge 

islocation lines in the CrCoNi sample keeps changing during the 

liding process, indicating that the spatial heterogeneity of chemi- 

al composition contributes to the local pinning of the gliding dis- 

ocations. 
69
.4. Size dependence of dislocation exhaustion and multiplication 

The relationship between the rate of dislocation exhaus- 

ion/multiplication and the sample size is shown in Fig. 11 (a). For 

he sake of rigor, we performed three compression simulations 

n each sample (36 × 3 MD simulations in total), because slight 

tomic thermal oscillation may lead to inconsistent results. The 

ate of dislocation exhaustion was calculated as the ratio of mo- 

ile dislocation density to time until the first mobile dislocation 

tarvation occurred. 

The calculated discrete points show that the pure Cu, RSS, and 

RO CrCoNi SCPs all exhibit power-law dependence on dislocation 

ensity evolution with different pillar sizes. Besides, whether at 

ow or high initial dislocation densities, the trend of dislocation 

xhaustion in smaller-sized SCP ( ≤ 20 nm) is significant, which is 

losely related to the annihilation of dislocations from the free sur- 

ace. The influence of image force [ 67 , 68 ] cannot be ignored. Dislo-

ation tends to approach the free surface to release its elastic strain 

nergy. The image force F of the dislocation is related to the dis- 

ance from the free surface l : 

F 

L 
= −Gb 2 

4 π
· 1 

l 
(6) 

F 

L 
= − Gb 2 

4 π( 1 − ν) 
· 1 

l 
(7) 

he Eqs. (6) and (7) represent the image force acting on the screw 

nd edge dislocations, respectively. Where L, G, b , and ν repre- 

ent the length of the dislocation line, shear modulus, burgers vec- 

or, and Poisson’s ratio, respectively. It can be seen that the image 

orce depends on l –1 . Therefore, small-sized SCPs mean bigger im- 

ge force, shorter effective free path of dislocation glide, and larger 

pecific surface area (see Fig. 11 (b)) of surface annihilation. 

It is noteworthy that although the strain rate used in our work 

s commonly adopted in MD simulation due to the limitation of 

ccessible length scales and timescales, such a high strain rate will 

ead to higher dislocation density than the real deformation pro- 

ess [66] . Thus, it is necessary to make a comparison with pure 

etals. The data in Fig. 11 (a) illustrate that Cu SCPs do not reach
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Fig. 10. (a) Time dependence of mean position for the edge dislocations in the SCPs at 300 K (the arrows indicate the ramp time interval). (b) Average dislocation velocity 

versus applied shear stress for edge dislocation. Snapshots showing the movement of an edge dislocation in (c) Pure Cu and (d) SRO CrCoNi. The green lines represent the 

contour of the edge dislocation. 
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he state of r e ≈ r m 

in any case. Moreover, the process of repeated 

islocation starvation of Ni SCP with a size of 40 nm × 40 nm × 60 

m at the same strain rate is shown in Supplementary Material 

5. Another convincing event comes from experiments that CrCoNi 

EA SCPs show minor stress fluctuation even at the strain rate of 

 × 10 –2 s –1 [63] . 

As shown in Fig. 11 (c, d), the strain proportion of 36 SCPs ex- 

eriencing mobile dislocation starvation was counted by repeating 

he MD simulation three times. This quantified dislocation starva- 

ion gives an exciting result that although the mobile dislocation 

tarvation occurred in the SCPs with relatively small size, the Cr- 

oNi SCPs experienced only about half the relevant strain of the 

u SCPs. 

. Discussion 

.1. Fluctuating energy landscape effect 

The generalized stacking fault energy (GSFE) surfaces of pure 

i, Cu, and RSS CrCoNi MEA are shown in Fig. 12 (a–c). O 1 IO 2 is

he region corresponding to dislocation dissociation on the close- 

acked plane of FCC structure. The point I corresponds to the po- 

ition of the lowest energy and is also called γ isf , which is closely 

elated to the dislocation dissociation. Generally, the width of ex- 

ended dislocation increases with decreasing γ isf . Colliding of SFs 

n intersecting planes results in L–C locks, when γ isf ≤ 40 mJ m 

–2 

69] , which is also the cause for the large number of Stair-rod dis- 

ocations in the RSS CrCoNi MEA. Fig. 12 (d) represents the curve of 

FE along O 1 UI. For pure Cu and Ni, γ isf and γ usf are both invari- 

nt values, but not for RSS CrCoNi MEA. We constructed 40 RSS 

odels to calculate the SFEs. The random distribution of chemi- 
h

70
al elements in RSS models leads to different results, and the fi- 

al calculated γ isf and γ usf are shown in Fig. 12 (c). Note that the 

alculated γ isf is about –18 mJ m 

–2 , which is close to the value 

f –24 mJ m 

–2 calculated by density functional theory (DFT) [62] . 

urthermore, the stable SFE ( γ isf = 64 mJ m 

–2 ) of the SRO sam- 

le is significantly higher than that of the RSS sample, which is 

lose to that of the pure Cu (45 mJ m 

–2 ). In previous experimental

tudies [ 32 , 33 , 70 ], quantitative visualization of the SRO structure 

as established, and the results demonstrated the preference for 

i-Ni/Co-Cr SRO atomic pairs in the CrCoNi MEA. Here, it is rea- 

onable that the γ isf of the SRO sample calculated by MD is higher 

han that of the experiments [70] (about 30 mJ m 

–2 ) because the 

rdering of atomic pairs can be controlled by adjusting the tem- 

erature of hybrid MC/MD simulations. To emphasize the effect of 

RO on dislocation starvation, we chose the temperature which can 

ealize the highest SRO during hybrid MC/MD simulations. Fisher 

71] pointed out that dislocation glide needs to destroy short-range 

rdered atom pairs, while dissipates a certain amount of energy 

hich is proportional to the magnitude of the glide, thereby result- 

ng in the strengthening of the entire deformation process. Schön 

72] regarded SRO strengthening as the “frictional hardening” ef- 

ect, and caused the dislocation to be locally dragged during move- 

ent. Therefore, SRO causes the increase in dislocation-nucleation 

arrier, which corresponds to the increase in unstable SFE. 

The influence of chemical heterogeneities on dislocation star- 

ation can be explained by the local unstable SFE in pure Ni, Cu, 

SS, and SRO CrCoNi MEAs, as shown in Fig. 13 . The calculated 

alues of local unstable SFE for pure Ni and Cu {111} < 112 > are

65 mJ m 

–2 and 158 mJ m 

–2 , as shown in Fig. 13 (a, b). However,

he local unstable SFE values for RSS and SRO CrCoNi MEAs ex- 

ibit significant fluctuation along the {111} < 112 > slip direction. To 
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Fig. 11. (a) Rate of dislocation exhaustion and multiplication of Shockley partial dislocations for SCPs with different sizes under uniaxial compression. (b) Fraction of specific 

surface area, where the values are equal to 2[ ( l 1 l 3 )+( l 2 l 3 ) ] 
l 1 l 2 l 3 

due to the application of free boundary conditions along the transverse direction. Total percentage of mobile dislo- 

cations during deformation vs pillar size for (c) low and (d) high initial dislocation density. For simplicity, the value of abscissa in the above four figures represents the side 

length of the square-shaped SCPs. 

Fig. 12. Contour plots of the GSFE for (a) Cu, (b) Ni, and (c) RSS CrCoNi MEA. The unit length along the x -axis is a/ 
√ 

6 while the y -axis is a/ 
√ 

2 , where a is the lattice 

constant. (d) Stacking fault energy curves corresponding to the path O 1 - U - I . The unit length along the displacement direction is a/ 
√ 

6 . 

71 
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Fig. 13. (a, b) Local unstable SFEs distribution maps of Ni and Cu. (c, d) 3D mapping surface of local unstable SFEs for RSS and SRO CrCoNi MEAs. 
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ighlight the differences between RSS and SRO samples, the three- 

imensional contour plots of local unstable SFE were plotted, as 

hown in Fig. 13 (c, d). The range of local unstable SFE values for

SS samples is 247–363 mJ m 

–2 ( Fig. 13 (c)), while that for SRO

amples is 250–393 mJ m 

–2 ( Fig. 13 (d)). Strong spatial heterogene- 

ty of local unstable SFE for CrCoNi MEAs indicates that the fluctu- 

ting energy barriers need to be overcome repeatedly. The disloca- 

ions will be hindered by high energy barriers (black arrow point- 

ng to the lower right) and thus pile up at the region with low 

nergy barriers (black arrow pointing to the upper left). To cross 

hese peaks, sufficient driving force must be given continuously, 

therwise, the dislocations will stagnate at the valley, which is in 

harp contrast to the flat local unstable SFE planes for pure metals 

i and Cu. In particular, the fluctuant values of SRO CrCoNi MEA 

re more violently, which is the reason why SRO samples are less 

rone to dislocation exhaustion than RSS samples under the con- 

ition of low initial dislocation densities. 

.2. Initial dislocation density dependence of size effect 

Submicron-sized and nano-sized pillars are usually fabricated 

rom bulk material by FIB milling [ 15 , 73 ]. Nevertheless, the im-

lantation of Ga + often induces vacancies and even altered disloca- 

ion density [ 74 , 75 ]. Thus, it is necessary to test a large number of

amples for statistically reliable results. In our MD simulations, the 

nitial dislocation density is carefully controlled for a better under- 

tanding of dislocation behaviors. 

Numerous MD simulations have demonstrated dislocation nu- 

leation from free surfaces [76] in perfect pillars, resulting in ex- 

ggerated yield stress in comparison to in-situ SEM compression 

est results [77] . The stress–strain responses of perfect SCPs are 

hown in Fig. 4 (a–c). Since there are no relatively weak points on 

he free surface of perfect SCPs, the thermal vibration results in 

 random variation of yield stress within a small range. In con- 

rast, the SCPs with pre-existing dislocations show significant yield 

tress differences, complying with the “smaller is stronger” effect 

13] . This effect is caused by the activation of pre-existing dislo- 
72 
ations inside the SCPs prior to dislocation nucleation from the 

ree surface. For example, the initial yielding of the SRO-40-40-60 

CP in Supplementary Video S6 is related to the activation of pre- 

xisting dislocations inside the pillar. However, the activation of 

re-existing dislocations in the SRO-30-30-45 and SRO-35-35-52.5 

CPs occurs almost simultaneously with dislocation nucleation at 

he surface. According to Ref. [78] , the single crystalline nanowires 

ithout pre-existing dislocations show yield stresses near the the- 

retical strength and no apparent size effect. In contrast, some sin- 

le crystals without pre-existing dislocations may also demonstrate 

 size effect due to surface roughness [79] and specific sample 

eometries [80] . Therefore, for a perfect single crystal with well- 

ontrolled geometry and smooth surface in the MD simulation, the 

ize effect is hardly operative. 

“Smaller is stronger” effect occurs in the SCPs with low ini- 

ial dislocation density, as shown in Fig. 3 . However, the SCPs 

ith high initial dislocation density show a weak size effect on 

ield stress only when the sample is smaller than 25 nm × 25 

m × 37.5 nm ( Fig. 6 (a–f)). In order to explain this phenomenon, 

e investigated the relationship between the maximum length of 

ingle dislocation and first yield stress. Fig. 14 (a) reveals the in- 

erse correlation between the maximum dislocation length and the 

ield stress of the SCPs with low initial dislocation density, which 

s qualitatively consistent with the previous results [ 81 , 82 ]. In this

ase, the Shockley partial dislocation, indicated by the arrow in 

ig. 14 (a), is the only pre-existing mobile dislocation that has acti- 

ated in SRO-40-40-60 SCP (supplementary Video S6). In contrast, 

he inverse correlation is weakened in the pillars with high ini- 

ial dislocation density, as shown in Fig. 14 (b). Such a difference 

an be attributed to the dense dislocation network in the sam- 

les with high initial dislocation densities. The mobile dislocations 

n each slip system were restrained by multiple dislocation junc- 

ions, creating a high density of dislocation sources in SCPs for the 

islocation-mediated plastic deformation. Therefore, a large num- 

er of pre-existing dislocations within the SCPs can be activated at 

ow stress, and most of them are activated almost simultaneously, 

s shown in Supplementary Video S8. The above phenomena in- 
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Fig. 14. Correlation between the maximum dislocation length and the yield stress for 3 × 36 samples. (a) SCPs with low initial dislocation density and (b) SCPs with high 

initial dislocation density. The illustrations show the dislocation network of a typical SCP before yielding. 
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icate that the size effect is very sensitive to the number of avail- 

ble dislocation sources. The size effect has a significant correlation 

ith the maximum length of single dislocation only when a small 

umber of available sources exist. 

According to our results, forest hardening is ineffective during 

he deformation of SCPs with high dislocation densities, such as 

he SRO-40-40-60 sample shown in Fig. 6 (f). This is attributed to 

he inability of nano-scaled pillars to accommodate a large num- 

er of long dislocations and does not have sufficient volume for 

ong-range and short-range interactions, hence forest hardening is 

isabled [ 83 , 84 ]. TEM observation [85] also suggests that the dis-

ocation configurations and interactions inside a pillar sample are 

imilar to that of bulk metals only when the pillar size is larger 

han about 10 0 0 nm. 

.3. Dislocation starvation in pure metal and multi-element alloys 

Although all the pillars with a size of 20 nm × 20 nm × 30 

m experience a mobile dislocation starvation state, as shown in 

ig. 4 (a), the lowest dislocation density of SRO and RSS SCPs is 

till higher than that of Cu. As shown in Supplementary Mate- 

ial S1 and Supplementary Videos S1, S3, and S5, dislocation loops 

nd tangled dislocations inside the SRO-20-20-30 and RSS-20-20- 

0 SCPs are rarely eliminated during the multiple strain bursts. 

n contrast, the pre-existing dislocation loops and tangled dislo- 

ations tend to overflow the free surface during the dislocation 

valanche process of the Cu-20-20-30 sample. The tardive move- 

ent of dislocations in MPEAs makes it possible to observe the 

ynamics of dislocation activities in TEM and SEM [60] , but in con- 

rast, the extremely fast dislocation escape in pure metals has to 

e captured by MD simulation in detail. Numerous studies have 

reviously reported the deformation behavior of submicron-sized 

ure metal SCPs, such as pure Al [86] , Cu [ 42 , 44 ], Au [87] , and Ag

88] . The deformation processes of these pure metals are all dom- 

nated by the dislocation starvation mechanism, which is closely 

inked to the strain bursts and intermittent surface nucleation and 

nnihilation of dislocations. This phenomenon is re-confirmed by 

ur MD simulation on the deformation behaviors of pure Cu SCPs, 

s shown in Figs. 4 and 7 . In pure metals, Shockley partial dis-

ocations escape rapidly ( Fig. 11 (a)) due to the negligible Peierls–

abarro barriers. Meanwhile, nucleation and annihilation of dislo- 

ations occurred frequently and vigorously. According to Fu et al. 

89] , the AuCu nanowires with a diameter of 16 nm exhibit super 

lasticity tensile deformation attributed to the dynamic equilib- 

ium of dislocation densities. The dislocation densities in the AuCu 

anowires were also maintained at ∼2.8 × 10 16 m 

–2 , which is con- 

istent with the dislocation density in our simulations as demon- 

trated in Figs. 4 (b) and 7 (a). The in-situ compression tests of Cu-15
73 
t.%Al nano-sized SCPs also showed that the strain bursts are nar- 

ower and smaller than that of pure Cu [15] , which indirectly sug- 

ests that the addition of alloying elements does slow down the 

islocation exhaustion rate of small-sized SCPs. However, in such 

ilute solid solutions, dislocation starvation still occurs on a scale 

f submicron [15] . Therefore, we suggest that the alloys of concen- 

rated solid solutions are promising to reduce the critical sample 

ize for dislocation starvation. Nevertheless, there are many other 

actors that can affect the dislocation exhaustion process of SCPs, 

uch as the degree of lattice distortion and pillar shape, which are 

orth further exploration. 

Our simulation results for the SRO-40-40-60 SCP with low ini- 

ial dislocation density indicate that the reduction of the stacking 

ault width due to the high γ isf leads to a low probability of dis- 

ocation locks ( Fig. 12 (d)). Although the extended dislocations are 

arely restricted by dislocation locks in this case, SRO can effec- 

ively prevent dislocation starvation. Strong SRO not only elevates 

he critical shear stresses for driving leading partials ( Fig. 10 (b)), 

ut also induces violent fluctuations of energy barriers ( Fig. 13 (d)), 

hich makes the nucleation and glide of dislocations more diffi- 

ult. Therefore, the pillar size must be reduced to obtain a higher 

mage force to eliminate extended dislocation. Commonly, dislo- 

ation locks act as obstacles to gliding dislocations, thereby pro- 

oting dislocation accumulation in bulk materials [34] . However, 

islocation locks in the small-sized pure metal single crystals are 

ot stable. Cui et al. [90] found that L–C locks in pure metal 

ubmicron-sized pillars are all destroyed or annihilated at the sur- 

ace during cyclic loading, and finally lead to the exhaustion of 

obile dislocations. On the contrary, in our MD simulations, the 

essile dislocations in the RSS/SRO CrCoNi SCPs are not broken but 

tabilize the gliding dislocations ( Fig. 7 (b, c, e, f, h, i)). Thus, this

uggests conducting a detailed study of size-dependent dislocation 

ocks stability in MPEAs pillar with low SFE by discrete dislocation 

ynamics simulations. 

. Conclusions 

In summary, we have systematically investigated the dislocation 

scape behaviors of CrCoNi MEA SCPs under uniaxial compression 

y atomistic simulations and compared them with pure metals. 

he quantitative introduction of pre-existing dislocation sources is 

mportant for the realization of the size effect, which facilitates the 

omparison of MD simulations with the real samples. The key find- 

ngs are summarized as follows: 

1) Chemical diversity is the crucial factor affecting dislocation 

glide in CrCoNi MEAs. For the SCPs with low initial dislocation 

density ( ∼10 15 m 

–2 ), the excellent dislocation storage ability of 
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the CrCoNi SCPs is mainly due to the requirement of overcom- 

ing discrepant energy barriers during the dislocation glide. 

2) The SRO SCPs with low initial dislocation density ( ∼10 15 m 

–2 ) 

show better dislocation storage and multiplication abilities than 

RSS ones since the strong spatial heterogeneity of chemical 

composition causes more violent fluctuation of energy barriers 

at the nanoscale. The critical size of the SRO CrCoNi SCPs for 

mobile dislocation starvation is about 10 nm lower than that of 

the RSS ones. 

3) The deformation of SCPs with high initial dislocation density 

( ∼10 16 m 

–2 ) shows that the large number of pre-existing dis- 

location locks caused by negative stable SFEs of RSS CrCoNi is 

the main reason for more pronounced dislocation multiplica- 

tion than that of SRO ones. Nevertheless, the critical size for 

the SCPs to reach dislocation starvation is ∼15 nm due to the 

high density of pre-existing dislocation networks. 

4) The intermittent strain burst (exhaustion hardening) occurs in 

all investigated Cu SCPs with low ( ∼10 15 m 

–2 ) and high ( ∼10 16 

m 

–2 ) initial dislocation densities. Importantly, the flat energy 

barriers of pure metals are the fundamental reason for the dis- 

location starvation. 

Our results suggest that enhancing the chemical SRO in a nano- 

ized MPEAs SCP can prevent dislocation starvation, even if the ini- 

ial dislocation density is very low. However, it should be noted 

hat dislocation starvation is still the core mechanism dominat- 

ng the deformation of nano-scaled MPEAs SCPs when the pillar 

ize is less than a critical size due to the increased surface image 

orce. Our discoveries are expected to be extended to other FCC 

EA/HEAs due to the spatial heterogeneity of nanoscale chemical 

omponents. 
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