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a b s t r a c t 
The high entropy alloy FeNiCoCrMn and its subsets have exhibited an unusual combination of strength 
and ductility dependance on temperature, showing a significant increase in ductility as temperature de- 
creases. This phenomenon is intriguing, and the underlying mechanism is critical for understanding the 
mechanical properties of these materials. Here, we investigate the interaction between a screw disloca- 
tion and a coherent twin boundary in Ni-based equiatomic alloys using atomistic simulations. We find 
that the dominant mechanism for this interaction changes as a function of temperature, which could be 
one of the underlying causes of the enhanced ductility at cryogenic temperatures in these alloys. Further 
investigations reveal the interaction’s temperature dependence arises from a critical parameter related 
to the stacking fault energy and the distance between the Shockley partial dislocations. The insights ex- 
tracted herein contribute to a fundamental understanding of plastic deformation in Ni-based equiatomic 
alloys and can be utilized for developing design strategies to achieve superior strength and ductility in 
structural materials. 

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

High entropy alloys (HEAs) have exhibited some exceptional 
mechanical properties compared to conventional dilute alloys [1–
7] . For instance, the quinary equiatomic FeNiCoCrMn alloy pos- 
sesses an excellent balance between the strength and ductility 
even at cryogenic temperatures [ 2 , 8 , 9 ]; an unusual but desirable 
phenomenon. Moreover, some subsets of FeNiCoCrMn, such as FeNi 
and FeNiCoCr [10] , have also shown similar behavior. This com- 
bination of strength and ductility is very attractive for structural 
materials because these two properties are mutually exclusive in 
most conventional alloys [11] . Therefore, it is essential to reveal 
the underlying mechanism that is responsible for the increase in 
both strength and ductility in these alloys. 

Deformation twinning in FeNiCoCrMn and its subset alloys has 
been reported in previous experimental studies, particularly at 
77 K [ 2 , 8 , 12–15 ], and is considered a crucial microstructural fea- 
ture in these alloys. A recent study found that the true plastic 
strains for the onset of deformation twinning in FeNiCoCrMn are 
~25%, ~16%, and ~8% at 293, 198, and 77 K, respectively [16] . This 
suggests that the early onset of deformation twinning at low tem- 
peratures could lead to an increase in the ductility, while dislo- 
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cation glide plays a more significant role at higher temperatures. 
However, Laplanche et al. [17] evaluated the volume fraction of 
twins in FeNiCoCrMn formed during the plastic deformation and 
estimated the contribution from deformation twins to the overall 
tensile strain, and found the contribution was less than 3% of the 
total true strain of the specimen. This indicates that deformation 
twinning alone is insufficient and other microstructural features, 
e.g., dislocations, could be involved in the enhanced ductility at 
cryogenic temperatures in FeNiCoCrMn and its subset alloys. Mean- 
while, twin boundaries are strong obstacles for the motion of dis- 
locations. Indeed, experimental studies have reported that disloca- 
tions glide even at cryogenic temperatures and their motion were 
impeded by twin boundaries [ 12 , 13 ]. Considering dislocation be- 
havior plays a significant role in the deformation process of mate- 
rials, a fundamental understanding of the interaction between dis- 
locations and twin boundaries, especially at varying temperatures, 
is critical to explain the underlying cause of the unusual tempera- 
ture dependence of the ductility in these alloys. 

In this study, we perform molecular dynamics (MD), molecular 
statics (MS), and nudged elastic band (NEB) simulations to exam- 
ine the interaction between a dislocation and a twin boundary in 
Ni-based equiatomic alloys at different temperatures. Particularly, 
we focus on the screw dislocation (SD)–coherent twin boundary 
(CTB) interactions since CTBs are observed in FeNiCoCrMn and its 
subset alloys [ 12 , 13 ], and SDs are expected to have higher stabil- 
ities (lower energies) compared to edge dislocations. We perform 
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simulations for four alloys NiCo, FeNi, FeNiCo, and FeNiCoCr, which 
have been shown to exist as a single-phase face-centered cubic 
(fcc) solid solution [10] . The same simulations of pure Ni are also 
performed for comparison. We find a switch of interaction mecha- 
nisms that strongly depends on the temperature, and the SD–CTB 
interaction contributes to enhanced ductility at low temperatures. 
This shows the SD–CTB interaction could be at least one of the un- 
derlying mechanisms of the unusual temperature dependence of 
the ductility in these alloys while other factors could also be in- 
volved. Further investigations reveal the origin of the temperature 
dependence in competing mechanisms and shed light on how to 
control the interaction processes through tuning of fundamental 
material properties of Ni-based concentrated alloys. 
2. Methods 
2.1. MD simulations for the SD–CTB interactions 

Fig. 1 (a) shows the schematic of the MD simulation cell for 
investigating the SD–CTB interaction process. The simulation cell 

consists of two twinned grains, separated by a !3{111} < 110 > CTB, 
and the constituent elements are randomly-distributed in the sim- 
ulation cell with equal atomic concentration, as shown in Fig. 1 (b). 
Note, we here focus on pure Ni, FeNi, and FeNiCoCr because we 
find that interaction processes in NiCo and FeNiCo are similar to 
those in FeNi and FeNiCoCr in the MS simulations, respectively. The 
crystal orientation is along X - [ 1 1 2 ] , Y - [ ̄1 1̄ 1 ] , and Z - [ ̄1 1 0 ] direc- 
tions in the original grain, and the cell lengths along the X, Y , and 
Z directions are 38 √ 

6 a 0 , 54 √ 
3 a 0 , and 8 √ 

2 a 0 , respectively, where 
a 0 denotes the lattice constant, which is varied in accordance with 
the temperature. Free boundary conditions are applied along the 
X and Y directions, while a periodic boundary condition is applied 
along the Z direction. A screw dislocation with the Burgers vector 
of a 0 / 2[ 1 1 0] is introduced beside the CTB, following the manner 
in [18] , and the system energy is minimized. This minimization re- 
sults in the dislocation dissociating into two Shockley partial dis- 
locations with a stacking fault ribbon in-between according to the 
reaction: 
a 0 / 2 [1 1 0 ] = a 0 / 6 [2 1 1 ] + a 0 / 6 [1 2 1 ] (1) 

Fig. 1. Simulation set-up and observed interaction mechanisms. (a) Schematic of the simulation setup and the simulation box. (b) A representative atomic configuration of 
the FeNiCoCr system. (c) Snapshots of the process for Mode-I. (d) Snapshots of the process for Mode-II. Only a representative case for each mode is shown here because 
the process is essentially the same in all the systems. The processes are visualized by the CNA [21] , where blue expresses atoms with the hexagonal closest packed (hcp) 
structure, namely, stacking fault structure, while orange represents atoms that have neither fcc nor hcp structure. The DXA [22] is also used in analysis, to examine the 
type of dislocation components. The 1/6 < 112 > Shockley partial and 1/2 < 110 > perfect components are displayed with gray and red, respectively. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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Then, the system energy minimization is performed again un- 

der an applied stress, which is set to 530, 780, and 900 MPa for 
pure Ni, FeNi, and FeNiCoCr systems, respectively. Note that these 
stress values need to be chosen carefully because the interaction 
process could occur even before the system reaches the equilib- 
rium state if the stress is too high while no interaction processes 
could be observed within the MD timescale if it is too low (further 
discussion can be found in Supplementary Material). We determine 
the stress for each system by trial and error, and it is kept constant 
throughout the simulation. The temperature is set in the range of 
10 0–40 0 K, where an equilibrium system state is carefully obtained 
(the details can be found in Supplementary Material). The inter- 
atomic interactions in the system are described by an embedded 
atom method (EAM)-type potential for the HEA FeNiCoCrCu, devel- 
oped by Farkas et al [19] . At least 15 repeated calculations are per- 
formed at each condition while varying the initial distribution of 
the atomic velocities and distribution of the constituent elements 
to investigate statistical variations of the results. All the simula- 
tions in this study are performed using the large atomic/molecular 
massively parallel simulator (LAMMPS) [20] , and obtained results 
are visualized using the common neighbor analysis (CNA) [21] and 
dislocation extraction algorithm (DXA) [22] , both of which are im- 
plemented in a visualization software, OVITO [23] . 
2.2. MS simulations for the SD–CTB interactions 

We also perform MS simulations of the SD–CTB interactions for 
pure Ni, NiCo, FeNi, FeNiCo, and FeNiCoCr. The simulation cell ge- 
ometry and boundary conditions are the same as those in the MD 
simulations of the SD–CTB interactions, except for the cell length 
along the X direction, which is set to 53 √ 

6 a 0 (Fig. S1 in Sup- 
plementary material). A pair of Shockley partial dislocations is in- 
troduced in the same manner as in Subsection 2.1 and is placed 
~12 nm from the intersection between the dislocation slip plane 
and the CTB. Here, we employ constant strain-rate conditions to 
investigate the SD–CTB interaction process, where a shear strain 
of 2 . 0 × 10 −5 is incrementally applied by displacing the atoms in 
the upper and lower XZ surfaces. The system energy minimization 
is performed and the stress of the system is recorded after every 
strain application. At least 10 repeated calculations are performed 
for the alloys with different atomic distributions of the constituent 
elements in order to investigate statistical variations of the results. 
2.3. MD simulations for the temperature dependence of µb p /γSFE 

As discussed later, we find that a non-dimensional parameter, 
µb p /γSFE , is critical for the SD–CTB interactions, consistent with a 
previous study [24] . Note that µ, b p , and γSFE denote the shear 
modulus, Burgers vector of a partial, and stacking fault energy, re- 
spectively, and the µb p /γSFE is related to the equilibrium separa- 
tion distance of the Shockley partials in the bulk under a no stress 
condition [25] : 
d eq 
b p = ( 2 − 3 ν) 

8 π ( 1 − ν) µb p 
γSFE (2) 

where d eq and ν denote the equilibrium separation distance of the 
partials and Poisson’s ratio. We perform MD simulations to inves- 
tigate the temperature dependence of µb p /γSFE for pure Ni, FeNi, 
and FeNiCoCr. A pair of Shockley partial dislocations is introduced 
in the same manner as in Subsection 2.1 at the center of a simu- 
lation box with cell lengths of 47 √ 

6 a 0 , 48 √ 
3 a 0 , and 8 √ 

2 a 0 for 
X - [ 1 1 2 ] , Y - [ ̄1 1̄ 1 ] , and Z - [ ̄1 1 0 ] directions, respectively. Periodic 
boundary conditions are applied for the X and Z directions while a 
free boundary condition is applied for the Y direction. The temper- 
ature is set in the range of 10 0–40 0 K, depending on the system. 
The separation distance between the two partials is recorded every 

0.1 ps for at least 200 ps after an initial system equilibration of 10 
ps at the target temperature. The averaged value is defined as the 
d eq , which is converted to µb p /γSFE , based on Eq. (2) . Note that the 
value of ν is set to 0.3. At least 10 repeated calculations are per- 
formed at each condition while varying the initial distribution of 
the atomic velocities and distribution of the constituent elements 
to investigate statistical variations of the results. 
2.4. NEB simulations for the µb p /γSFE dependence of E b1 and E b2 

As discussed later, we observe two types of interaction modes 
in the MD simulations for the SD–CTB interactions, referred to 
as Mode-I and Mode-II (see Fig. 1 (c) and (d)). We evaluate the 
µb p /γSFE dependence of the energy barrier of Mode-I ( E b1 ) and 

Mode-II ( E b2 ) using the climbing NEB simulations [26] to obtain a 
fundamental understanding of how the µb p /γSFE influences these 
interaction modes. To isolate the effect of the µb p /γSFE on E b1 and 
E b2 , we use four sets of model fcc EAM-type potentials developed 
by Borovikov et al. [27] , which have different γSFE from each other 
(from 14.6 to 61.6 mJ m –2 ) while keeping other significant mate- 
rials parameters the same, and evaluate the values of E b1 and E b2 
for each potential. Here, while we employ the same simulation cell 
geometry, manner of dislocation introduction, and boundary condi- 
tions as those described in Subsection 2.1, we consider a cylindri- 
cal region along the dislocation line with a radius of 10 nm, atoms 
outside which are fixed during the NEB simulations to improve the 
computational efficiency (Fig. S5 in Supplementary Material). The 
transition path is discretized into 64 images, and the fast inertial 
relaxation engine (FIRE) method is used to move the atoms during 
the simulations. Iterations are stopped when the maximum two- 
norm of the force vector per replica is below 0.02 eV Å -1 . The de- 
tailed procedures to create the initial and final states for Mode-I 
and Mode-II can be found in Supplementary material. For deriv- 
ing the value of µb p /γSFE for each potential by Borovikov et al., we 
prepare a simulation box by introducing a pair of Shockley partial 
dislocations in the same manner as in Subsection 2.1 and exam- 
ine d eq at 0 K after the system energy minimization, which is con- 
verted to µb p /γSFE based on Eq. (2) , where ν is set to 0.3. The sim- 
ulation cell geometry and the boundary conditions are the same as 
those described in Subsection 2.3. The derived values of µb p /γSFE 
for the four potentials are 48.0, 72.0, 143.9, and 239.9, which cover 
the range of µb p /γSFE by the Farkas potential observed in this 
study, as seen in Fig. 3 (b). 
3. Results and discussion 

In the MD simulations for the SD–CTB interactions, we observe 
two different interaction mechanisms, namely, Mode-I and Mode- 
II, in Ni-based equiatomic alloys (FeNi and FeNiCoCr) and pure Ni 
as a function of temperature. For Mode-I, a dislocation transmits 
into the twin grain by cutting through the CTB ( Fig. 1 (c)). In con- 
trast, a dislocation is absorbed by the CTB involving a cross-slip 
process in Mode-II ( Fig. 1 (d)). Different from previous MS simu- 
lations, in which only one type of mode was identified for each 
system with a specific potential [ 24 , 28 ], we observe a switch of 
the dominant mode in one system as a function of temperature. 
It should be highlighted here that these two modes have dramat- 
ically different contributions to the ductility. While Mode-I en- 
hances the ductility, since the deformation process can propagate 
across the CTB, the deformation in Mode-II is accumulated within 
the grain because the dislocation is absorbed by the CTB. 

By examining the details of the interaction processes, we ob- 
serve that all the dislocation segments simultaneously constrict 
during Mode-I, as shown in Fig. 1 (c), temporarily forming a per- 
fect dislocation on the CTB. The perfect dislocation then starts to 
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re-dissociate into the twin grain, and once the re-dissociation pro- 
cess is completed, the partial dislocations glide on another slip 
plane in the twin grain. Meanwhile, the process of Mode-II is very 
similar to Friedel–Escaig mechanism of cross-slip in fcc metals 
[29] ( Fig. 1 (d)). After the cross-slip, the two partials easily move 
away from each other on the twin plane because they are not 
bounded by stacking fault attraction anymore, unlike a dissociation 
in the bulk. In addition, we set the output interval of the system 
configuration during the simulations to as short as 40 fs to care- 
fully examine the interaction process; however, simultaneous con- 
striction of all the segments, as in Mode-I, has not been observed. 
In previous studies, a dislocation absorption by the CTB through 
cross-slip was certainly observed, but its process was reported to 
involve the simultaneous constriction of all the segments [ 24 , 28 ]. 
This is because a quasi-two-dimensional simulation cell was used, 
in which the length along the dislocation line is very short. Due to 
this size limitation, constricted and dissociated segments could not 
form simultaneously in their studies. 

Fig. 2 shows the ratio of the number of cases for Mode-I to the 
total number of repeated calculations at the same condition. It is 
clearly seen that Mode-I is frequently observed at lower tempera- 
tures, namely, below 150 K, 125 K, and 150 K for pure Ni, FeNi, and 
FeNiCoCr, respectively. In comparison, Mode-II dominantly occurs 
at higher temperatures, above 200 K, 175 K, and 250 K for pure Ni, 
FeNi, and FeNiCoCr, respectively. This indicates the SD–CTB inter- 
action contributes to the increased ductility of these alloys at low 
temperatures, since Mode-I accommodates dislocation motion and 
therefore leads to more plastic deformation, as mentioned previ- 
ously. Furthermore, a previous experimental study reported a sig- 
nificantly higher elongation to fracture of these alloys at 77 K than 
that at 293 K: ~39%, ~47%, and ~50% at 77 K in comparison with 
~28%, ~37%, and ~40% at 293 K for pure Ni, FeNi, and FeNiCoCr, re- 
spectively [10] . This temperature range is in good agreement with 
the range for the mode switch observed here, strongly suggest- 
ing that the switch of dominant interaction mode for the SD–CTB 
interaction could be one of the underlying mechanisms that con- 
tribute to enhanced ductility at cryogenic temperatures in these 
alloys. 

Fig. 2 also shows the value of E b1 and E b2 as a function of tem- 
perature, estimated from the elapsed time for the interaction to oc- 
cur in the MD simulations based on the Arrhenius relationship: 
E b i = kT ln %0 

%
( i = 1 , 2 ) (3) 

where k, T , %, and %0 stands for the Boltzmann constant, tempera- 
ture, frequency of the mode, i.e., the reciprocal of the elapsed time, 
and prefactor, assumed to be 1 . 0 × 10 12 s −1 , respectively. The fit- 
ted curves of the E b1 and E b2 based on the analytical model are 
also drawn in the figures (the detailed derivation of the model is 
presented below). It is important to note, while both the E b1 and 
E b2 decrease as the temperature decreases, E b1 exhibits a stronger 
temperature dependence than the E b2 , resulting in a crossover of 
their trend at a specific temperature. 

Fig. 3 (a) shows the reaction strain and stress for the interac- 
tion to occur in the MS simulations. Note that only Mode-I is ob- 
served in all the MS simulations. This is consistent with the MD 
results above, where Mode-I occurs dominantly at lower temper- 
atures, and also agrees with previous quasi-static simulations, in 
which only one type of mode was identified for one system with 
specific potentials [ 24 , 28 ]. As shown in Fig. 3 (a), it is found that 
both the reaction strain and stress have a linear dependence on 
µb p /γSFE . The linear relationship between the reaction stress and 
µb p /γSFE was also reported in a previous study [24] . Furthermore, 
the MD simulations for the temperature dependence of µb p /γSFE 
revealed that the µb p /γSFE increases linearly with an increase in 
the temperature for pure Ni, FeNi, and FeNiCoCr, as shown in 

Fig. 2. Temperature dependence of N I / (N I + N II ) , E b1 , and E b2 . The N I and N II 
denote the number of cases for Mode-I and Mode-II, respectively. The value of 
µb p /γSFE at each temperature is also shown in the upper horizontal axis, which 
is evaluated from Fig. 3 (b). Error bars denote the standard deviation of the mean. 
The error bar for E b1 at 250 K in pure Ni is not shown because Mode I is observed 
only in one case under this condition even after more than 30 repeated calculations 
are performed (further discussion can be found in Supplementary Material). 
Fig. 3 (b). These results suggest that the temperature dependence 
of the µb p /γSFE could trigger the switch of SD–CTB interaction 
modes, as observed in Fig. 2 . 

Fig. 4 (a) and (b) show the µb p /γSFE dependence of E b1 and E b2 
under different stress conditions, evaluated by the NEB simulations 
with the four interatomic potentials that have different γSFE from 
each other [27] . As shown in the figures, E b1 exhibits a stronger 
µb p /γSFE dependence than the E b2 , which is consistent with the 
MD results of the SD–CTB interaction ( Fig. 2 ), obtained using the 
interatomic potential for the HEA of FeNiCoCrCu [19] . In addition, 
it is found that both E b1 and E b2 have a logarithmic dependence 
on the µb p /γSFE , regardless of the stress. The reason for the log- 
arithmic dependence of the E b1 is explained using the following 
discussion based on the elasticity theory. As shown in Fig. 4 (d), 
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Fig. 3. (a) Reaction stresses and strains for pure Ni, NiCo, FeNi, FeNiCo, and FeNiCoCr, recorded at the moment of the occurrence of Mode-I, which is the only mode observed 
during the MS simulations. (b) Temperature dependence of µb p /γSFE for Pure Ni, FeNi, and FeNiCoCr, which is evaluated from the d eq using Eq. (2) . 

Fig. 4. Evaluation of the µb p /γSFE dependence of the E b1 and E b2 using the four fcc model potentials, developed by Borovikov et al [27] . (a) Values of E b1 , E b2 , E constricted , and 
E dissociated as a function of the µb p /γSFE at 0 MPa. (b) Values of E b1 and E b2 as a function of µb p /γSFE at 200 MPa. (c) Dependence of d init on µb p /γSFE . (d) TS configuration of 
Mode-I at different values of µb p /γSFE . (e) Schematic of the initial state and TS configurations of Mode-I. (f) TS configuration of Mode-II at different values of µb p /γSFE . (g) 
Schematic of the initial state and TS configurations of Mode-II. 
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the transition state (TS) configuration of Mode-I is a perfect dislo- 
cation, and the E b1 is hence expressed as: 
E b1 = E perfect − E init 

partials (4) 
where E perfect and E init 

partials denote the energy of a perfect disloca- 
tion and that of two partials with a separation distance of d init , re- 
spectively. Note that the E perfect does not depend on the µb p /γSFE , 
because of the TS configuration ( Fig. 4 (d)). The E init 

partials , instead, is 
influenced by the µb p /γSFE due to (i) the interaction energy be- 
tween the two partials and (ii) a stacking fault between the par- 
tials ( Fig. 4 (e)). Therefore, the E init 

partials dependence on the µb p /γSFE 
can be modeled by the following equation [25] : 
E init 

partials ∝ −
µb 2 p ( 2 − 3 ν) 

8 π ( 1 − ν) ln d init 
r 0 + d init γSFE (5) 

where r 0 denotes the dislocation core radius. As shown in Fig. 4 (c), 
d init has a linear relationship with the µb p /γSFE . This means (i) the 
first term in Eq. (5) exhibits a logarithmic dependence on µb p /γSFE 
and (ii) the second term in Eq. (5) has little µb p /γSFE dependence 
because the effects of the γSFE is canceled out as a whole. The re- 
sult is a logarithmic dependence of the E init 

partials on the µb p /γSFE . 
As a consequence, E b1 can be analytically modeled by a logarith- 
mic function of µb p /γSFE . 

The case for E b2 is more complicated because the dislocation 
configuration at the TS contains both constricted and dissociated 
components, as shown in Fig. 4 (f). Here, we develop a simple an- 
alytical model to understand E b2 dependence on the µb p /γSFE . As 
shown in Fig. 4 (g), the TS configuration of Mode-II can be divided 
into three parts: constricted, dissociated, and junction components. 
We assume the junction components are similar at different values 
of µb p /γSFE , and their contribution to the µb p /γSFE dependence 
can therefore be ignored. The E b2 can then be expressed as: 
E b2 ∝ E constricted + E dissociated 

= α(
E perfect − E init 

partials ) + β(
E TS 

partials − E init 
partials ) (6) 

where E constricted , E dissociated , α, β , and E TS 
partials denote the energy 

term associated with the constricted component, the energy term 
associated with the dissociated component, the ratio of the con- 
stricted component, the ratio of the dissociated component, and 
the energy of two partials with a separation distance of d TS , con- 
taining a stacking fault in-between, respectively ( d TS is the separa- 
tion distance of the dissociated component at the TS, as shown in 
Fig. 4 (g)). We evaluate E constricted and E dissociated at different values 
of µb p /γSFE , which are shown as purple symbols in Fig. 4 (a) (the 
detailed procedure can be found in Supplementary Material). Al- 
though E constricted and E dissociated exhibit completely different trends 
from each other, the sum of them exhibits a clear logarithmic de- 
pendence, which is in agreement with the NEB results. Note that 
the values of the sum from the analytical model are lower than E b2 
due to the neglect of the junction components. As a consequence, 
E b2 can also be analytically modeled by a logarithmic function of 
µb p /γSFE . Based on the derived logarithmic dependence of E b1 and 
E b2 , we draw fitted curves of the E b1 and E b2 in Fig. 2 , which 
agree very well with MD results. This quantitative agreement fur- 
ther supports: (i) both E b1 and E b2 have a logarithmic dependence 
on µb p /γSFE ; (ii) their magnitudes are different from each other, 
resulting in a crossover point of E b1 and E b2 at a specific tempera- 
ture. 

While a specific stress is employed for each simulation in this 
study, the mode change itself is general for different stress lev- 
els but the transition temperature of the two modes could be in- 
fluenced by the stress, the reasons for which are discussed next. 
First, a different stress mainly changes the driving force for the 
glide of the trailing partial toward the leading one, resulting in a 

change in d init ( Fig. 4 (c)), such as d init becoming smaller at higher 
stresses. Second, if we define (E b as E b1 – E b2 , (E b becomes larger 
as µb p /γSFE increases, as shown in Fig. 2 . Third, d init has a lin- 
ear relationship with µb p /γSFE , as shown in Fig. 4 (c). Combin- 
ing these, we reach that increasing stresses leads to a smaller (E b 
(through a smaller d init ) and reducing stresses results in a larger 
(E b (through a larger d init ). This means that a different stress 
level would change the transition temperature of the two modes: a 
lower stress shifts the transition temperature toward lower while a 
higher stress shifts it toward higher temperatures. Considering that 
an experimental study [10] reported the ultimate tensile strength 
for pure Ni, FeNi, and FeNiCoCr at 77 K is ~550, 830, and 1150 MPa, 
respectively, the stresses employed in this study are at relatively 
moderate to high levels. This is necessary so the interaction oc- 
curs within the MD timescale, even at very low temperatures. In 
the experimental timescale, however, much lower stress conditions 
are enough to induce the SD-CTB interaction, where the transition 
temperature could be correspondingly changed, depending on the 
experimental stress conditions. 

Since the employed interatomic potential could affect the re- 
sults of MD simulations in general, we also perform additional 
MD simulations of the SD–CTB interaction using the 2nd nearest- 
neighbor modified EAM potential for FeNiCoCrMn HEAs developed 
by Choi et al. [30] to investigate the influence of the potential on 
the temperature dependence of the SD–CTB interaction. Here, we 
focus on only two cases for FeNi, at 77 and 300 K, because the 
simulations using the Choi potential are computationally expen- 
sive. The applied stress is set to 10 0 0 MPa, and five repeated cal- 
culations are performed at each temperature. The other conditions 
are the same as those described in Subsection 2.1. In these sim- 
ulations, only Mode I occurs at 77 K while Mode II is exclusively 
observed at 300 K, which is consistent with the results obtained by 
the Farkas potential, as shown in Fig. 2 . This leads to the conclu- 
sion that the switch of the dominant interaction mode depending 
on the temperature is not influenced by the employed potential 
while the specific temperature of the switch could be different. 
4. Conclusions 

We conclude the dominant mode of SD–CTB interactions in 
Ni-based equiatomic alloys strongly depends on the temperature, 
which could be one of the underlying mechanisms contributing 
to enhanced ductility at cryogenic temperatures in these alloys, 
though other factors could also be involved. The detailed inves- 
tigation of the interaction modes demonstrates the temperature 
dependence of the dominant interaction mode arises from that 
of µb p /γSFE , which affects E b1 and E b2 differently. The quantita- 
tive agreement between the MD results and developed analytical 
models strongly support the fidelity of this study. Furthermore, the 
mechanistic insights and analytical models developed here are es- 
sential for a comprehensive understanding of deformation process 
of fcc HEAs and for the development of strategies to control me- 
chanical properties of advanced structural materials. 
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