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Abstract
Mechanical properties of high-entropy alloys (HEAs) with the face-centered cubic (fcc) structure strongly depend on their 
initial grain orientations. However, the orientation-dependent mechanical responses and the underlying plastic flow mecha-
nisms of such alloys are not yet well understood. Here, deformation of the equiatomic FeMnCoCrNi HEA with various initial 
orientations under uniaxial tensile testing has been studied by using atomistic simulations, showing the results consistent 
with the recent experiments on fcc HEAs. The quantitative analysis of the activated deformation modes shows that the ini-
tiation of stacking faults is the main plastic deformation mechanism for the crystals initially oriented with [001], [111], and 
[112], and the total dislocation densities in these crystals are higher than that with the [110] and [123] orientations. Stacking 
faults, twinning, and hcp-martensitic transformation jointly promote the plastic deformation of the [110] orientation, and 
twinning in this crystal is more significant than that with other orientations. Deformation in the crystal oriented with [123] 
is dominated by the hcp-martensite transformation. Comparison of the mechanical behaviors in the FeMnCoCrNi alloy and 
the conventional materials, i.e. Cu and Fe50Ni50, has shown that dislocation slip tends to be activated more readily in the 
HEA. This is attributed to the larger lattice distortion in the HEA than the low-entropy materials, leading to the lower criti-
cal stress for dislocation nucleation and elastic–plastic transition in the former. In addition, the FeMnCoCrNi HEA with the 
larger lattice distortion leads to an enhanced capacity of storing dislocations. However, for the [001]-oriented HEA in which 
dislocation slip and stacking fault are the dominant deformation mechanisms, the limited deformation modes activated are 
insufficient to improve the work hardening ability of the material.
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1  Introduction

Based on the design concept of multi-principal-element 
alloys, high-entropy alloys (HEAs) have attracted great 
research attention in the fields of materials and physics 
[1–11]. Compared with traditional metals and alloys, HEAs 
exhibit four effects including high entropy effect in ther-
modynamics, hysteresis diffusion effect in kinetics, lattice 
distortion effect in crystallography, and cocktail effect that 
are applicable in alloy design [3, 4, 12–16].

Numerous studies have shown that HEAs with the face-
centered cubic (fcc) structure exhibit excellent mechanical 
properties during plastic deformation, i.e., the good com-
bination of high strength and good plasticity [6, 8, 16]. 
Medium- and high-entropy alloys composed of 3d transi-
tion metal elements are usually single-phase or dual-phase 
solid solutions in which the fcc austenite is the dominating 
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phase, such as CoCrNi [11, 17–20], CoVNi [16], FeCoCrNi 
[21], FeMnCoCr [8, 22–25] and FeMnCoCrNi [6, 26–30] 
alloys. Among them, the equiatomic FeMnCoCrNi alloy, 
also known as the Cantor alloy [2], is the earliest studied 
and the most representative fcc-structured HEA. Experi-
mental studies have shown that compared with the 293 K 
condition, the yield and the ultimate tensile strength of the 
Cantor alloy with an average grain size of ~ 6 μm increase by 
389 and 530 MPa at 77 K, respectively, while the uniform 
elongation increases by 16%. The simultaneous enhance-
ment in strength and plasticity under cryogenic condition 
is attributed to the activation of mechanical nano-twinning 
[6]. Since the plastic deformation mechanism depends on 
the stacking fault energy (SFE), special attention has been 
paid to the SFE of this alloy. With the exact muffin-tin orbit-
als (EMTO) method, the SFE of the Cantor alloy at room 
temperature is determined as ~ 21 mJ/m2 [31, 32], which 
is consistent with the result obtained by X-ray diffraction 
measurements (i.e., 18.3–27.3 mJ/m2) [33]. As the tempera-
ture decreases to 77 K, the SFE of the alloy is significantly 
reduced to 8 mJ/m2 [31], leading to the formation of profuse 
fine twins and the improved tensile strength and ductility.

On the other hand, for the plastically deformed alloys the 
activation of slip and twinning depends on the initial orienta-
tions of the constituent crystals. The mechanical behaviors of 
the multi-principal-element alloy single crystals with differ-
ent orientations have been reported in recent years [34–37]. 
For the Cantor alloy tensile deformed at 77 K, it is found that 
deformation twinning was activated in the crystals initially 
oriented with < 111 > and < 122 > , while no twining is found 
in the < 149 > and < 123 > single crystals [34]. When the ini-
tial orientation is [591] , dislocation slip, instead of deforma-
tion twinning, acts as the main mechanism at both 293 and 
77 K [35]. The study on the CoCrNi alloy also shows that 
deformation twins tend to be activated in the [110], [111], 
and [123] single crystals under uniaxial tension at room tem-
perature [36]. Moreover, the CoCrNi alloy shows the higher 
ductility compared with the 316 stainless steel and Hadfield 
steel, which is attributed to the extensive secondary twining 
and twin networks formed in the medium-entropy alloy at 
the late stage of deformation. Since the mechanical twins in 
the CoCrNi alloy are thinner than that in the conventional 
steels, more barriers to the interaction between dislocations 
are provided. This results in the higher capacity of disloca-
tion storage and thus postpones the occurrence of necking. 
The consistent orientation-dependent mechanical behaviors 
have also been found in the Fe40Mn40Co10Cr10 alloy under 
uniaxial tension at room temperature [37].

As the above statements, the fcc HEA single crystals 
show different mechanical properties and deformation 
mechanisms with the varying initial orientations. However, 
due to the fact that the nanoscale characterization relying on 
in situ electron microscopy is complicated and difficult, the 

orientation-dependent mechanical behaviors of the HEAs at 
the atomic scale remain unclear. On the other hand, as the 
most favorable tool for in situ analysis of the microstruc-
tural evolution and deformation mechanism of materials 
during deformation, the molecular dynamics (MD) simula-
tion has been widely used [18, 27, 38–41]. The activation 
of deformation twins has been predicted in the Cantor alloy 
under uniaxial tension at 0 K by simulations [27]. Moreover, 
compared with Fe50Ni50, Co50Ni50, and Ni, the larger lattice 
distortion in the Cantor alloy tends to promote dislocation 
nucleation. According to the MD simulations of the CoCrNi 
alloy, due to the local chemical ordering, the increased 
energy barrier to dislocation slip leads to the more signifi-
cant lattice friction, thereby strengthening the alloy [38]. 
Besides, the simulations for the Co25Ni25Fe25Al7.5Cu17.5 
alloy have shown that the deformation-induced transfor-
mation from fcc to bcc phases follows the N-W orienta-
tion relationship [39]. However, the orientation-dependent 
mechanical properties of the fcc HEA single crystals and the 
underlying micromechanisms have not been investigated by 
atomistic simulations.

In this work, the uniaxial tensile behaviors of the Can-
tor alloy single crystals with various initial orientations at 
300 K were studied systematically with the MD simulations. 
The micromechanical behaviors of the HEA single crystals 
are then compared with that of the low-entropy metallic 
materials (Cu and Fe50Ni50). Based on the in situ analysis 
of the deformed materials at the atomic scale, the following 
questions will be answered: (1) how the mechanical prop-
erty and micromechanism of the fcc-structured HEA under 
uniaxial tensile deformation depend on initial orientation? 
(2) whether the orientation-dependent mechanical behavior 
in the HEA is consistent with that in conventional materials? 
and (3) what is the origin of the different micromechanical 
behaviors between high-entropy and low-entropy materi-
als? The results reveal the orientation-dependent deforma-
tion mechanisms of the fcc materials at the atomic scale and 
thus provide theoretical guidance for the design of high-
performance HEAs.

2 � Methods and Models

Uniaxial tensile deformation of the FeMnCoCrNi HEA sin-
gle crystals with different orientations at 300 K is simulated. 
The size of the MD model is 10 (X) nm × 10 (Y) nm × 20 (Z) 
nm with approximately 180,000 atoms. The orientation of 
the single crystals is defined as (hkl)[uvw], where [hkl] is 
parallel to the normal direction (ND) of the rolled plane and 
[uvw] is parallel to the rolling direction (RD). The selected 
initial orientations, i.e., (100)[001], (001)[110], (112)[111], 
and (111)[112], are typically found in the recrystallized or 
the rolled fcc materials. The (153)[123] orientation is also 
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selected because it is located inside the stereographic trian-
gle and may show different mechanical behaviors compared 
with other single crystals. The initial orientation of each sin-
gle crystal is given in Table 1. In what follows, the uniaxial 
tensile direction, i.e., [uvw], is used to represent the orienta-
tion of the crystals. The tensile direction (Z) which is parallel 
to the RD is set as the periodic boundary condition. The 
other two orthogonal directions, i.e., X (//ND) and Y (//TD), 
are set as free boundary conditions. To obtain the evolution 
of different deformation systems and their influence on the 
mechanical properties under tensile loading, the maximum 
engineering strain (ε) of 0.5 is applied. Each single crystal 
is firstly relaxed at 300 K for sufficient time so that the pres-
sure in the Z direction is zero, and then the uniaxial ten-
sion is applied on the model. The strain rate is 108/s and the 
time step is 5 fs, respectively. It should be mentioned that 
the single crystal simulations with an applied strain rate of 
107/s have also been conducted and the results (mechanical 
responses and deformation mechanisms) are consistent with 
that using the strain rate of 108/s. The MD simulations are 
implemented with the open-source LAMMPS software [42]. 
The evolution of the atomistic structure is visualized using 
the OVITO software [43]. The different atomic structures 
and dislocation types are differentiated using the common 
neighbor analysis (CNA) [44] and the dislocation analysis 
(DXA) [45] algorithms, respectively. In order to quantita-
tively reveal the activation of various deformation systems 
under tensile loading, twin boundary, stacking fault and 
martensite with the hexagonal close-packed (hcp) structure 
are defined as one single layer, two layers and three or more 
layers of continuous hcp atoms, respectively.

To reveal the effect of lattice distortion on the orientation-
dependent mechanical behaviors of the HEA, the deforma-
tion of two low-entropy materials, i.e., the binary Fe50Ni50 
alloy and pure Cu, is also simulated. Previous experimental 
studies have shown that the SFEs of FeMnCoCrNi, Fe50Ni50, 
and Cu at 293 K are approximately 25, 79 and 45 mJ/m2, 
respectively [46–48], and dislocation slip acts as the domi-
nant deformation mechanism in all these materials at room 
temperature [27, 49, 50], which is the rational for comparing 
their mechanical behaviors. Here, the interactions of atoms 

in FeMnCoCrNi, Fe50Ni50, and Cu are described with the 
modified embedded-atom method (MEAM) potential [27, 
51]. Based on the MEAM potential used in this work, the 
lattice parameters of FeMnCoCrNi, FeNi and Cu at the 
ground state are calculated as 3.595, 3.583 and 3.615 Å, 
respectively, which are close to the data obtained by experi-
ments and other theoretical predictions [6, 47, 48]. More-
over, the SFEs of the three materials are calculated to be 
−45, 19.3 and 42.5 mJ/m2 at the ground state, respectively. 
The values of the HEA and pure Cu are consistent with that 
obtained by previous MD and/or ab-initio calculations [41, 
48, 52]. As shown in Fig. S1 a1-c1 in the Supplementary 
material, different types of atoms are randomly distributed 
in both FeMnCoCrNi and Fe50Ni50 alloys. Accordingly, the 
single-atom potential energy is also distributed randomly 
in the materials (Fig. S1 a2-c2). In addition, compared with 
Fe50Ni50 and pure Cu, the distribution of atomic potential 
energy in the HEA is the most inhomogeneous.

3 � Results and Discussion

3.1 � Mechanical Behaviors of the FeMnCoCrNi Single 
Crystals

Stress–strain curves of the different FeMnCoCrNi single 
crystals deformed at 300 K are shown in Fig. 1. At the ini-
tial stage of deformation, the stress of each single crystal 
increases linearly with the increase of strain and reaches 
the peak value, which is regarded as the elastic regime. The 
Young’s modulus E[hkl] of the crystals varies between 83 and 
147 GPa. The [111] and [100] crystals show the largest and 
the smallest E[hkl], respectively. The orientation dependence 

Table 1   Initial orientations of the different single crystals

The tension direction is parallel to the Z axis

Orientation X Y Z

Cube [100] [010] [001]
Rotated-cube [001] [110] [110]

Copper [112] [110] [111]

Brass-R [111] [110] [112]

\ [153] [301] [123]

Fig. 1   Stress–strain curves of the FeMnCoCrNi single crystals with 
different initial orientations at 300 K and a strain rate of 108/s under 
uniaxial tension
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of the Young’s modulus is consistent with that found in the 
same alloy by Ab-initio calculations [53]. At the yield point, 
the engineering stress and strain of the models with different 
initial orientations are: 6.07 GPa and 0.0484 for the [111] 
crystal, 5.91 GPa and 0.0462 for the [112] crystal, 4.55 GPa 
and 0.038 for the [123] crystal, 4.09 GPa and 0.039 for the 
[110] crystal and 3.93 GPa and 0.0478 for the [001] crystal, 
respectively. Taking the [001] crystal as an example, when 
the material enters the plastic regime (ε ≥ 0.0478), a small 
platform with fluctuation appears in the stress–strain curve, 
which is attributed to the nucleation and slip of Shockley 
partials. At a strain of 0.071, the stress reaches the maxi-
mum (4.52 GPa). Subsequently, the stress decreases rapidly 
with the increasing strain due to the activation of multiple 

deformation mechanisms. Besides, during plastic deforma-
tion the stress–strain curves of all the studied crystals exhibit 
a serrated shape. With increasing deformation, the stress in 
each single crystal decreases except for the [123]-oriented 
material.

The microstructure and dislocation evolutions of the vari-
ous single crystals during deformation are shown in Figs 
2, 3, 4, 5, and 6. Figure 2 shows the simulation results of 
the [001] single crystal. When the strain is between 0.0478 
and 0.071 (corresponding to the loading stage from point 
‘a’ to ‘c’ in the stress–strain curve), nucleation and slip of 
Shockley partials have occurred, and dislocations are first 
generated at the free surfaces. As strain increases, disloca-
tions slip through the whole crystal and escape from other 

Fig. 2   Stress–strain curve of the FeMnCoCrNi single crystal with the [001] orientation. The inverse pole figure shows the initial orientation of 
the crystal. ‘a’-‘h’ are some key points at different deformation stages. a1–h1 are microstructures corresponding to ‘a’-‘h.’ In (a1)-(h1), ● and ● 
represent fcc and hcp structures, respectively. a2–h2 are dislocation line distributions corresponding to ‘a’-‘h.’ In (a2)-(h2), ▬ perfect, ▬ Shock-
ley, ▬ stair-rod, ▬ Hirth, ▬ Frack, and ▬ other
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free surfaces. Intrinsic stacking faults are formed after 
dislocation slip (Fig. 2a1–c1). The dislocation distribu-
tion corresponding to this deformation stage is shown in 
Fig. 2a2–c2. The dislocations inside the single crystal are 
Shockley partials. As the strain increases (from point ‘d’ to 
‘h’), more dislocations are activated accompanied with the 
increased stacking faults. Meanwhile, other types of disloca-
tions appear inside the crystal. With increasing strain, more 
stacking faults or dislocations in different directions inter-
est and entangle with each other, as shown in Fig. 2d1–h1 
and d2-h2. When strain is elevated further (from point ‘g’ 
to ‘h’), necking starts to occur in the area where stacking 
faults and dislocations are entangled. A small amount of 
hcp-martensite lamellas are formed near the necked region, 

and the dislocation density in this region is relatively high 
(Fig. 2g1–h1 and g2–h2).

Figure 3 shows the evolution of the microstructure and 
dislocations of the [110]-oriented crystal during defor-
mation. The yield point is reached at a strain of 0.039 
(corresponding to the point ‘a’ in the stress–strain curve), 
and Shockley partials are nucleated on the free surfaces 
of the model (Fig. 3a1 and a2). As strain increases, the 
stress rapidly drops to the point ‘b,’ and the Shockley par-
tials slip through the entire crystal and escape from other 
free surfaces. Intrinsic stacking faults that run through the 
entire single crystal are then left (Fig. 3b1), and no dislo-
cation lines are found (Fig. 3b2). With increasing deforma-
tion, multiple Shockley partials, stacking faults, twins, and 

Fig. 3   Stress–strain curve of the FeMnCoCrNi single crystal with the [110] orientation. The inverse pole figure shows the initial orientation of 
the crystal. ‘a’-‘h’ are some key points at different deformation stages. a1–h1 are microstructures corresponding to ‘a’-‘h.’ a2–h2 are dislocation 
line distributions corresponding to ‘a’-‘h’
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hcp-martensite are triggered successively within the crys-
tal, leading to the fluctuating tensile stress with increasing 
strain (from point ‘c’ to ‘h’). At this deformation stage, 
stacking faults in different directions are formed, as shown 
in Fig. 3d1. Meanwhile, the dislocation lines at the inter-
section of the stacking faults also intersect and entangle 
with each other (Fig. 3d2). When the strain increases to 
the point ‘f,’ twin boundaries that are identified as single-
layered hcp atoms are formed, as seen in Fig. 3f1. With 

further straining, the number of the twin boundaries con-
tinuously increases (Fig. 3f1–h1), and the hcp-martensite 
laths also appear within the crystal (Fig. 3c1–h1). It is 
worth noting that during deformation, the [110]-oriented 
crystal is always uniformly elongated without apparent 
necking, suggesting that this material has a good ability 
of uniform deformation. In addition, the dislocation den-
sity in this crystal is low at various stages of deformation 
(Fig. 3a2–h2).

Fig. 4   Stress–strain curve of the FeMnCoCrNi single crystal with the [111] orientation. The inverse pole figure shows the initial orientation of 
the crystal. ‘a’-‘f’ are some key points at different deformation stages. a1–f1 are microstructures corresponding to ‘a’-‘f.’ a2–f2 are dislocation 
line distributions corresponding to ‘a’-‘f’
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For the [111]-oriented single crystal, when the strain 
is 0.0484, the yield point ‘a’ in the stress–strain curve is 
reached (Fig.  4), and the Shockley partials nucleation 
appears on the free surfaces (Fig. 4a1). When the strain 
increases to point ‘b,’ stacking faults and dislocations in 
different directions are formed (Fig. 4b1 and b2). At this 
deformation stage, part of the stress within the crystal starts 

to be released, and both stacking faults and dislocations 
intersect with each other during the subsequent deforma-
tion (Fig. 4b1–f1 and b2–f2). When the strain increases to 
point ‘c,’ deformation twins are formed (Fig. 4c1). When the 
strain further increases to the point ‘e,’ the hcp-martensite 
laths in the form of multilayered hcp atoms can be identi-
fied (Fig. 4e1). During the whole period of deformation, 

Fig. 5   Stress–strain curve of the FeMnCoCrNi single crystal with the [112] orientation. The inverse pole figure shows the initial orientation of 
the crystal. ‘a’-‘g’ are some key points at different deformation stages. a1–g1 are microstructures corresponding to ‘a’-‘g.’ a2–g2 are dislocation 
line distributions corresponding to ‘a’-‘g’
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the dislocation density inside the single crystal increases 
continuously with the increasing strain (Fig. 4a2–f2). At 0.5 
strain, significant necking appears in the crystal (Fig. 4f1).

For the [112]-oriented single crystal, the sample yields 
at a strain of 0.0462 (corresponding to the point ‘a’ in the 
stress–strain curve in Fig. 5). At this loading stage, slip of 
Shockley partials occurs (Fig. 5a2), leading to the forma-
tion of intrinsic stacking faults (Fig. 5a1). As the strain 
increases from point ‘b’ to ‘c,’ deformation twins are formed 
(Fig. 5b1–c1). When the strain continues to increase to point 
‘d,’ those twins disappear and stacking faults evolve again, 

as shown in Fig. 5d1. When the strain further increases to 
point ‘e,’ the hcp-martensite lamellas are formed (Fig. 5e1). 
In addition, necking occurs at this loading point. As the 
strain further increases, the dislocation density continues to 
increase (Fig. 5f2–g2), and a high density of dislocations are 
identified at the necked region.

Figure 6 shows the simulation results of the [123] single 
crystal. The crystal starts to yield at a strain of 0.038 (cor-
responding to the point ‘a’ in the stress–strain curve). At this 
time, Shockley partials are nucleated on the free surfaces of 
the model (Fig. 6a1 and a2). As the strain increases to point 

Fig. 6   Stress–strain curve of the FeMnCoCrNi single crystal with the [123] orientation. The inverse pole figure shows the initial orientation of 
the crystal. ‘a’-‘g’ are some key points at different deformation stages. a1–g1 are microstructures corresponding to ‘a’-‘g.’ a2–g2 are dislocation 
line distributions corresponding to ‘a’-‘g’
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‘b,’ Shockley partials slip across the entire crystal, leading to 
the formation of intrinsic stacking faults (Fig. 6b1) and the 
released stress. When the strain increases to point ‘c,’ stack-
ing faults continue to increase, and either stacking faults 
intersection or dislocation entanglement is not found in the 
crystal (Fig. 6c1 and c2). When the strain reaches point ‘d,’ 
deformation twins are formed, as seen in Fig. 6d1. It should 
be noted that in the deformation stage from point ‘c’ to ‘g,’ 
multiple stacking faults are superimposed to form the hcp-
martensite, and the martensitic lamellae are thickened con-
tinuously with deformation. Besides, necking occurs in the 
crystal at around 0.5 strain and only a few dislocations are 
identified at various deformation stages (Fig. 6a2–g2). The 
Schmid factors of Shockley partials in the single crystals 
with various initial orientations are shown in Table S1. The 
maximum Schmid factors are found corresponding to the 
different slip systems for each single crystal under uniaxial 
tensile loading, except for the [123]-oriented crystal. There-
fore, as the deformation proceeds, both stacking faults and 
dislocations in different directions are activated, whereas in 
the [123] crystal only the stacking faults or dislocations in 
one direction are activated. It is also found that the activa-
tion of the deformation systems in the present FeMnCoCrNi 
single crystals follows the Schmid law.

3.2 � Discussion

3.2.1 � Orientation Dependence of Micromechanical 
Behavior in the FeMnCoCrNi HEA

The densities of total dislocation lines and different types 
of dislocations as a function of the tensile strain in the vari-
ous FeMnCoCrNi single crystals are shown in Fig. 7. With 
increasing loading, dislocation density increases in all crys-
tals, and Shockley partials contribute the most to the total 
dislocation density among the different types of dislocations. 
The [001], [111], and [112] orientations show the higher 
total dislocation densities than others. Moreover, compared 
with the [110] and [123] crystals, the above-mentioned three 
orientations show the more significant necking at around 
0.5 strain (Figs. 2, 4, and 5). We also note that in the plas-
tic regime the stress of the [001], [111], and [112] crystals 
continuously decrease with deformation, indicating that the 
high dislocation densities are not sufficient for strengthen-
ing the materials. Namely, necking tends to occur in those 
single crystals. In addition, more stacking faults are formed 
in the three crystals, due to that stacking faults are result-
ant from the slip of Shockley partials. For the [110] crystal 
under deformation, the lower dislocation density compared 
with other samples is attributed to the activation of twinning 
and martensitic transformation in the former. The massive 
formation of the hcp-martensite in the [123] crystal leads 

to the smallest dislocation density among the studied single 
crystals.

Evolution of atomic volume fractions in the fcc, hcp and 
unknown structures for the HEA is shown in Fig. S2. As the 
hcp structure includes atoms in stacking faults, twin bound-
aries and hcp-martensite, the volume fraction of the hcp 
structure (Vhcp) is used to represent the fraction of the plastic 
deformation systems. Fractions of the fcc and the unknown 
structures are represented as Vfcc and Vunknown, respectively. 
Throughout the tensile deformation, the fcc-type atoms 
generally decrease with the increasing deformation in the 
various single crystals, accompanied by the increase of the 
hcp and the unknown-type atoms. The evolution of differ-
ent types of atoms in the [001]- and [110]-oriented crystals 
is more stable compared with that of other crystals. The 
main deformation mechanism in the [001] crystal is stack-
ing faults, while in the [110] crystal more hcp-martensite 
and deformation twins are formed in addition to stacking 
faults. The [123] crystal shows the largest increase of the hcp 
type atoms among the studied orientations, which is due to 
its significant hcp-martensitic transformation. Besides, the 
unknown-type atoms in the [111] and [112] single crystals 
show the more significant increase with deformation. This 
is because apparent necking occurs in these samples in the 

Fig. 7   Evolution of dislocation density in the FeMnCoCrNi single 
crystals with different initial orientations
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late stage of deformation and the necked area is partially 
amorphous.

In order to quantitatively reveal the activation of vari-
ous deformation systems in the FeMnCoCrNi single crystal 
under tensile loading, volume fractions of stacking faults 
(VS), twins (VT) and hcp-martensite (VM) as a function of 
engineering strain are given in Fig. 8. Among the studied 
orientations, the [001], [111], and [112] crystals show the 
larger VS in the plastic regime, suggesting that stacking 
fault is the dominant mechanism. In the [123] crystal, the 
hcp-martensite transformation is the dominant deformation 
mode, as the significant increase of VM is identified when 
the strain reaches ~ 0.05. In this crystal, only the stacking 
faults or dislocations in one direction are activated; thus, 
intersection and entanglement of different stacking faults are 
not identified. This is conducive to the formation of stacking 
faults and promotes the martensitic transformation. One may 
also note that at above 0.25 engineering strains, the volume 
fraction of hcp-martensite in the [123] HEA crystal fluctu-
ates severely with deformation. This is related to the fluctu-
ating evolutions of stacking faults as well as atomic volume 
fractions of the fcc and hcp atoms (Fig. S2). This may be 
ascribed to the reverse transformation of martensite in the 
HEA [25]. However, this is beyond the scope of the current 

paper. The VS, VT, and VM are similar in the [110] crystal, 
and the development of VT is more significant than that in 
other crystals. This indicates that twinning is another impor-
tant deformation mode in addition to stacking faults and 
martensitic transformation. Therefore, twinning tends to be 
activated in the most single crystals except for that initially 
oriented with [001]. This is consistent with the orientation-
dependent twinning in Fe40Mn40Co10Cr10, FeMnCoCrNi, 
and CoCrNi HEAs as observed by experiments [34, 36, 37].

3.2.2 � Comparison of Micromechanical Behaviors 
between HEA and Low‑entropy Materials

Three crystals, i.e., the [001]-, [110]-, and [123]-oriented 
single crystals, are selected to reveal the difference of micro-
mechanical behavior between high-entropy and low-entropy 
materials. Stacking faults, twinning and martensitic transfor-
mation are the dominant deformation modes in those HEA 
single crystals, respectively. The stress–strain curves of the 
differently oriented FeMnCoCrNi, Fe50Ni50, and Cu single 
crystals are shown in Fig. 9. For the [001] orientation, the 
stress of FeMnCoCrNi is lower than the low-entropy materi-
als in the deformation stages of 0 < ε < 0.1 and 0.3 < ε < 0.5 
(Fig. 9a). For the [110] orientation, the HEA also shows the 
lower stress than that of Fe50Ni50 and Cu. However, when 
0.35 strain is reached both the HEA and the Fe50Ni50 alloy 
show the higher stress than Cu (Fig. 9b). For the [123] ori-
entation, the stress in the HEA is still lower than the low-
entropy materials in the transition stage from elastic to 
plastic. It should be emphasized that the predicted stress 
corresponding to the elastic–plastic transition point does not 
represent the critical resolved shear stress that is commonly 
discussed in experimental work. The yield point predicted 
by MD simulations denotes the deformation stage at which 
Shockley partials nucleate in one perfect single crystal in 
the nanoscale. During the subsequent deformation, the HEA 
exhibits the higher flow stress than Cu (Fig. 9c), which is 
consistent with that oriented with [110]. These results show 
that as the types of element decrease, i.e., corresponding 
to the lowered configurational entropy, the critical stress 
required for the elastic-to-plastic transition increases [27]. 
This makes dislocations nucleate more readily in the high-
entropy solid solution, so that the HEA undergoes plastic 
deformation at a lower stress level. Secondly, for each stud-
ied material under uniaxial tension, the [110] crystal shows 
the smallest yield stress. This indicates that dislocations in 
this crystal are easier to nucleate compared with that ori-
ented with [001] and [123], which is also consistent with the 
orientation-dependent dislocation behaviors in pure copper 
as predicted by MD simulations [54, 55].

Figure 10 shows the microstructures and dislocation 
distributions in the FeMnCoCrNi, Fe50Ni50, and Cu single 
crystals at a strain of 0.5. For the [001] orientation, more 

Fig. 8   Volume fraction evolution of stacking faults, twin boundaries 
and hcp-martensite in the FeMnCoCrNi single crystals with different 
initial orientations. SF stacking fault; TWB twining boundary; HCP 
hcp-martensite
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stacking faults and hcp-martensite are formed in the HEA 
single crystal compared with Fe50Ni50 and Cu. Necking 
occurs in the HEA, and significant dislocation entangle-
ment is then identified in the necked area (Fig. 10a). For 
the Fe50Ni50 and Cu single crystals with the same orienta-
tion, deformation is relatively uniform (Fig. 10d and g). 
At this time, the stress level of the HEA is lower than that 
of Fe50Ni50 and Cu. This is attributed to the significant 
non-uniform deformation of the former material, i.e., the 
localized strain at the necked position.

It is worth noting that at this deformation stage, only 
a small amount of stacking faults are activated in the 
Fe50Ni50 crystal oriented with [001] and dislocation slip 
is not obvious. By tracing the deformation process, this 
is attributed to the migration of twin boundaries in the 
material. As shown in Fig. S3, when the strain is between 
0.15 and 0.2, a twin boundary on the top of the model 
gradually migrates to the upper corner with deformation. 
Meanwhile, stacking faults and hcp-martensite do not 
evolve significantly. The migration of twin boundaries has 
also been observed in the [110]-oriented HEA crystal and 
the [001]-, [110]-, and [123]-oriented Cu crystals. This is 
consistent with the experimental characterization of the 
submicron-scale [001]- and [110]-oriented Cu micropil-
lars under uniaxial compression tests [56]. The migration 
and sliding of twin boundaries are closely related to the 
Schmid factor. The behavior of a twin boundary can be 
predicted by αM, i.e., �

M
= SF

LP

M
∕SFTP

M ,where SFLP

M
 and 

SF
TP

M
 are the Schmid factors of the leading and the trailing 

partial dislocations, respectively. Twin boundary migra-
tion occurs when αM is not equal to one. When αM = 1, 
twin boundary sliding would occur.

For the [110] orientation, both FeMnCoCrNi and Fe50Ni50 
crystals are deformed uniformly at 0.5 strain, whereas the 
Cu single crystal shows the significant necking. Deformation 
twins have been activated in all three materials (Fig. 10b, e, 
h). However, more stacking faults are found in the Fe50Ni50 
alloy compared with FeMnCoCrNi and Cu, and hcp-mar-
tensite lamellas are formed in FeMnCoCrNi and Fe50Ni50. 
Significant dislocation entanglement only appears in the 
HEA but not in the low-entropy single crystals.

For the [123] orientation, a large amount of hcp-mar-
tensite is formed in the FeMnCoCrNi single crystal after 
deformation, and only a small amount of fcc-type atomic 
layers are embedded between the hcp lamellas. Necking 
accompanied with a small amount of dislocations occurs 
in the upper of the model (Fig. 10c). The Fe50Ni50 crys-
tal appears to be slightly necked, and deformation twins, 
stacking faults and hcp-martensite are uniformly distributed 
inside the model (Fig. 10f). In addition, dislocations are 
identified in the area where stacking faults, twin bounda-
ries, and hcp-martensite lamellas intersect. For the Cu crys-
tal, hcp-martensite and twins are also activated; however, 
obvious necking occurs in this sample. The cut plane of the 
necked position entangled with dislocations is parallel to the 
(111) plane and the twin boundary (Fig. 10i). Due to this 
inhomogeneous deformation, the stress level of Cu is lower 
than that of FeMnCoCrNi and Fe50Ni50.

To this stage, it is clear that for the FeMnCoCrNi alloy, 
necking accompanied with dislocation entanglements occurs 
in the both [001]- and [123]-oriented crystals, whereas the 
[110] crystal deforms more uniformly. In addition, dense 
stacking faults and a small amount of hcp-martensite are 
formed in the [001] crystal. The [110] crystal shows more 

Fig. 9   Stress–strain curves of FeMnCoCrNi, Fe50Ni50, and Cu single crystals with different initial orientations
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significant twinning compared with the [001] and [123] 
crystals. In the [123] crystal, the hcp-martensitic transforma-
tion dominates deformation. For the Fe50Ni50 alloy, the [001] 
and [110] crystals deform uniformly, and the [123] crystal 
shows the slight necking. Compared with the [001]-oriented 
crystal, more twinning and martensitic transformation are 
activated in the [110] and [123] crystals. For Cu, the [001] 
crystal deforms uniformly, whereas the [110] and [123] 
crystals show the significant necking. Stacking faults and 
twinning are the dominant deformation modes in the [001] 
and [110] Cu crystals, while the martensitic transformation 
is the main mechanism in the crystal oriented with [123]. 
The evolution of dislocation density for the FeMnCoCrNi, 
Fe50Ni50 and Cu single crystals is shown in Fig. S4. For the 

[001] and [110] orientations, the total dislocation densities 
in FeMnCoCrNi are higher than that in Fe50Ni50 and Cu. 
For the [123] orientation, the total dislocation density in 
either HEA or low-entropy materials is insignificant, and 
a slight increase of dislocations is only identified when the 
strain reaches 0.35. For the FeMnCoCrNi crystals, the total 
dislocation density from high to low is in the order of [001], 
[110], and [123].

3.2.3 � Effect of Lattice Distortion on the Deformation 
Mechanisms

Due to the difference in the atomic radius of various ele-
ments, lattice distortion in FeMnCoCrNi, Fe50Ni50 and Cu 

Fig. 10   Atomic structure and corresponding dislocation line distribution in FeMnCoCrNi, Fe50Ni50, and Cu single crystals with different initial 
orientations at a tensile strain of 0.5
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is different. Lattice distortion is quantitatively described as 
the difference in atomic size δ [15, 57], i.e.,

where n is the type number of element, ci and ri are the 
atomic percentages and the atomic radius of the element 
i, respectively. r is the average atomic radius. The δ val-
ues of FeMnCoCrNi, Fe50Ni50, and Cu are calculated to 
be 1.8, 1.19, and 0, respectively. Namely, the HEA shows 
the more significant lattice distortion than the low-entropy 
materials, which prevents dislocations from sliding out of 
the free surfaces of one sample. Accordingly, more disloca-
tions are stored within the HEA and the dislocation storage 
capacity of the material is enhanced. Although dislocations 
are prone to nucleate on the free surfaces of a model under 
deformation, the lattice distortion in the HEAs may prevent 
dislocations from slipping out of the free surfaces. There-
fore, a large number of dislocations intersect and entangle 
with each other, resulting in necking at some positions with 
dense dislocations (Fig. 10a).

To reveal deformation mechanisms of the materials with 
different configurational entropies, the atomic volume frac-
tion evolutions of the fcc, hcp, and unknown structures in 
the FeMnCoCrNi, Fe50Ni50, and Cu single crystals with 
deformation are shown in Fig. S5. For the [001] orienta-
tion, compared with the Fe50Ni50 and Cu crystals the HEA 
shows a more significant increase of Vhcp with increasing 
tensile strain and the maximum fraction reaches ~25%. For 
the [110] orientation, Vhcp increases with deformation in 
all three materials, and the maximum fraction of the hcp 
phase is ~ 37% in Fe50Ni50. With the initial orientation of 
[123], Vhcp also increases significantly with deformation 
and reaches ~ 78% in the HEA at a tensile strain of 0.5. In 
comparison, the evolution of Vhcp in Fe50Ni50 and Cu crys-
tals is moderate and does not exceed 40% at 0.5 strain. For 
the same material with different initial orientations, Vhcp in 
the [123]-oriented HEA shows the more significant increase 
than other orientations. For Fe50Ni50 and Cu, the evolutions 
of Vhcp in the crystals oriented with [110] and [123] are 
similar for each material and more hcp-martensite is formed 
compared with the [001] orientation.

The volume fraction evolution of stacking faults, twin 
boundaries, and hcp-martensite in each single crystal is 
shown in Fig. 11. For the [001] orientation, the activation 
of stacking faults in the HEA is more significant than that 
in Fe50Ni50 and Cu. Meanwhile, more twins are formed in 
the low-entropy materials and all three materials show the 
minor hcp-martensite formation. During plastic deforma-
tion, the stress in both Fe50Ni50 (0.25 < ε < 0.35) and Cu 
(0.2 < ε < 0.4) single crystals shows an increasing tendency 

𝛿 = 100

√

√

√

√

n
∑

i=1

c
i

(
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r
i

r̄

)2

,

when the tensile strain reaches ~ 0.2 (Fig. 9a). This cor-
responds to the larger volume fraction of twin boundaries 
in these materials, i.e., the more significant twinning that 
contributes to the higher work hardening and uniform plas-
tic deformation of the samples. However, the stress in the 
[001]-oriented HEA continues to decrease with deformation. 
A higher dislocation density is found in this sample than the 
low-entropy ones (Fig. S4); however, this is not sufficient to 
provide good work hardening for the HEA.

For the [110] orientation, the volume fraction of stacking 
faults in the three materials is similar at various deformation 
stages. The HEA and Fe50Ni50 materials show more activa-
tion of twins and hcp-martensitic transformation compared 
with Cu. The migration of twin boundaries in Cu leads to 
the non-uniform deformation of the sample, which makes 
its stress level lower than that of Fe50Ni50 and FeMnCo-
CrNi at strains above 0.35. In the late stage of deformation 
(ε > 0.35), the stress of FeMnCoCrNi and Fe50Ni50 increases 
significantly with the increase of strain (Fig. 9b). Therefore, 
twinning and martensitic transformation jointly contribute 
to the stress elevation in these materials.

With the initial orientation of [123], the volume fraction 
of hcp-martensite in the HEA evolves more significantly 
than the low-entropy materials. In addition, more stacking 
faults are activated in FeMnCoCrNi and Fe50Ni50 compared 
with Cu, and the three materials show the similar activa-
tion of twinning. When the strain is between 0.1 and 0.28, 
FeMnCoCrNi and Fe50Ni50 show the much higher stress than 
Cu (Fig. 9c). Thus, the martensitic transformation in the 
HEA and the martensitic transformation, stacking faults, and 
twins in Fe50Ni50 contribute to their respective work harden-
ing. Although hcp-martensite and twins also appear in the 
deformed Cu, twin boundary migration leads to the forma-
tion of slip steps on the free surfaces and thus the stress con-
centration within the sample (Fig. S6). The twin boundaries 
parallel to the fracture surfaces fail to prevent dislocation 
slip, which also leads to the rapid necking (Fig. 10i) and 
the continuously reduced stress of the model with deforma-
tion. Compared with experiments [6, 47, 50], stacking faults, 
deformation twins, and hcp-martensite are more likely to be 
formed in the studied alloys, which is attributed to the high 
strain rate applied in the MD simulations [58].

It is worth noting that in each single crystal the total 
atomic volume fractions of the three deformation structures, 
i.e., stacking faults, twin boundaries, and hcp-martensite, are 
equal to the volume fraction of the hcp structure (Fig. S5). 
For the [001] and [123] orientations, the activation capaci-
ties of these deformation mechanisms in the FeMnCoCrNi 
alloy are significantly higher than that in the low-entropy 
materials. This is consistent with the experimental observa-
tion that more twins are activated in the Fe40Mn40Co10Cr10 
and the CoCrNi multi-principal-element alloys compared 
with conventional alloys, such as 316 stainless steel and 
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Hadfield steel [36, 37]. For the [110] orientation, at the 
initial stage of deformation (ε < 0.1) the total activation 
of stacking faults, twin boundaries, and hcp-martensite in 
FeMnCoCrNi is higher than that in Fe50Ni50 and Cu. With 
further deformation, the total activation of the above three 
deformation modes in the FeNi alloy is equal to and even 
exceeds that of the FeMnCoCrNi alloy. This is related to 
the more dislocation slip in the HEA with a larger lattice 
distortion (Fig. S4).

4 � Conclusions

In this work, the orientation-dependent mechanical proper-
ties and plastic deformation mechanisms of the equiatomic 
FeMnCoCrNi HEA under uniaxial tensile loading have been 
studied systematically by atomistic simulations. The micro-
mechanical behaviors of the HEA are also compared with 

the low-entropy materials, i.e., Cu and Fe50Ni50. The main 
conclusions are as follows:

1.	 Significant dependence of mechanical properties on ini-
tial orientations is predicted in the HEA. For the stud-
ied orientations, the yield stress increases in the order: 
[001], [110], [123], [112], and [111]. In the plastic 
regime, the stress in each crystal decreases with increas-
ing deformation except for the [123]-oriented HEA.

2.	 The activation of the orientation-dependent deformation 
modes is quantified by simulations. Plastic deformation 
of the FeMnCoCrNi HEA initially oriented with [001], 
[111], and [112] is dominated by stacking faults. The 
dislocation densities in those samples are higher than 
that in the [110] and [123] orientations. Stacking faults, 
twinning, and hcp-martensitic transformation jointly 
promote plastic deformation of the [110] orientation, 
and more twinning is activated in this sample compared 
with other orientations. The hcp-martensitic transfor-

Fig. 11   Volume fraction evolution of stacking faults, twin boundaries, and hcp-martensite in the FeMnCoCrNi, Fe50Ni50, and Cu single crystals 
with different initial orientations. SF stacking fault; TWB twining boundary; HCP hcp-martensite
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mation is the dominant deformation mechanism in the 
[123] orientation, contributing to its good work harden-
ing ability.

3.	 For the low-entropy materials, deformation twinning 
mainly contributes to the improved work hardening in 
both Cu and Fe50Ni50 alloys initially oriented with [001]. 
The [001]-oriented FeMnCoCrNi shows the higher dis-
location density but the lower work hardening ability. 
When initially oriented with [110], only stacking faults 
and a small amount of twins are activated in Cu. The 
migration of twin boundaries leads to the non-uniform 
deformation, making its stress lower than that of the 
Fe50Ni50 and FeMnCoCrNi alloys with the same initial 
orientation at the strain above 0.35. Twins and hcp-mar-
tensite play a major role in the stress elevation of the 
Fe50Ni50 and FeMnCoCrNi alloys. For the [123] orienta-
tion, there are fewer stacking faults in Cu. In addition, 
neither hcp-martensite nor twins can prohibit necking 
caused by the migration of twin boundaries. This makes 
Cu deform inhomogeneously and facilitates the sample 
necking. In the Fe50Ni50 alloy, martensitic transforma-
tion, stacking faults, and twins jointly contribute to its 
higher strength. The formation of a large amount of hcp-
martensite in the FeMnCoCrNi HEA majorly contrib-
utes to its good work hardening ability within the strain 
range of 0.1 and 0.28.

4.	 Compared with low-entropy materials, the larger lat-
tice distortion in the HEA promotes more significant 
dislocation nucleation. Thus, the critical stress for the 
elastic–plastic transition of the HEA is lower than that 
of the low-entropy ones with the same orientations. 
Meanwhile, the HEA shows the remarkable capability 
of storing dislocations. However, for the FeMnCoCrNi 
HEA in which the deformation mode is relatively sim-
ple compared with the low-entropy crystals, e.g., the 
[001]-oriented sample, its high dislocation density and 
the extensively activated stacking faults are still not suf-
ficient for strengthening the material.
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tary material available at https://​doi.​org/​10.​1007/​s40195-​021-​01260-y.
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