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Stacking fault tetrahedron (SFT) is a kind of detrimental three-dimensional defect in
conventional face-centered cubic (FCC) structural metals; however, its formation and
anisotropic mechanical behavior in a CoCrFeNiMn high-entropy alloy (HEA) remain
unclear. In this work, we first performed molecular dynamics simulations to verify the
applicability of the Silcox-Hirsch mechanism in the CoCrFeNiMn HEA. The mechanical
responses of the SFT to shear stress in different directions and that of the pure Ni
counterpart were simulated, and the evolutions of the atomic structures of the SFTs during
shear were analyzed in detail. Our results revealed that the evolution of the SFT has
different patterns, including the annihilation of stacking faults, the formation and expansion
of new stacking faults, and insignificant changes in stacking faults. It was found that the
effects of SFT on the elastic properties of Ni and HEA are negligible. However, the
introduction of SFT would reduce the critical stress, while the critical stress of the
CoCrFeNiMn HEA is much less sensitive to SFT than that of Ni.

Keywords: stacking fault tetrahedron, CoCrFeNiMn high-entropy alloy, mechanical anisotropy, microstructural
evolution, molecular dynamics

1 INTRODUCTION

The defects, including stacking fault tetrahedrons (SFTs), voids, dislocation loops, and bubbles,
would be generated in metals subjected to long-term irradiation or severe deformation (Wu et al,,
2018b; Wu et al.,, 2018¢; Zhang et al., 2018; Chen et al, 2020). These defects would affect the
mechanical properties of materials, such as irradiation hardening, swelling, embrittlement, and
irradiation-assisted stress corrosion cracking (Bacon et al., 2009). The morphology and distribution
of defects caused by irradiation depend on the lattice structure of materials and irradiation
conditions. In face-centered cubic (FCC) metals, SFT is a kind of detrimental three-dimensional
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immobile defect (Singh et al., 2004; Wang et al., 2011a; Wang et al., 2011b; Wang et al., 2011c), which
is predominantly generated from vacancy clusters (Kojima et al., 1991). In irradiated Cu, most SFT's
are very small with the size of 2-3 nm but with a high density of about 1,022-1,024/m> (Kapinos
et al., 1989; Fabritsiev and Pokrovsky, 2007).

SFT significantly affects the mechanical properties of materials (Matsukawa et al., 2005; Zhang
et al., 2017a; Zhang et al., 2017b; Zhang et al., 2018). SFT can interact with dislocations and absorb
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FIGURE 1 | Schematic illustration of the simulation process. Case 1 to Case 4 indicate that the shear directions are (111)[112], (111)[112], (111)[170],
(T11)[110] of the samples, respectively. A, B, C and D are the four vertices of the SFT.
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them, forming defect-free channels, in which dislocations can
glide freely, resulting in the localization of plastic flow and loss of
ductility (Robach et al., 2003; McMurtrey et al., 2014). Dai and
Victoria (2011) proposed that the forming ability of SFT is closely
related to the stacking fault energy (SFE): the lower the SFE, the
easier the SFT is to form. High-entropy alloys (HEAs), as a new
type of high-performance alloy, have attracted considerable
attention due to their excellent mechanical properties and
designability (Li et al., 2018; Feng et al., 2020; Luo et al., 2021;
Peng et al., 2021; Ren et al., 2021). The SFEs of FCC HEAs are
usually low (Huang et al., 2015; Chandan et al., 2021), and are
even of negative values (Zhao et al., 2017), indicating that SFTs
would form more easily in HEAs than in conventional alloys.
CoCrFeNiMn is a kind of the most concerned FCC HEAs due to
its excellent mechanical properties (Okamoto et al., 2016).
Based on the Silcox-Hirsch mechanism, SFTs can form after
the aggregation of vacancies (Silcox and Hirsch, 1959a),
generated under long-term irradiation or severe deformation
in conventional metals. Despite the rapid development of
experimental technology, it is still very challenging to study
the evolution of SFTs under shear stress in different directions
through experiments. Molecular dynamics (MD) simulations is
an effective means to investigate the formation and evolution of
microstructures under irradiation (Aidhy et al, 2015; Drouet
etal., 2016; Dai et al., 2017; Zhu et al., 2017; Leino et al., 2018; Ke
et al,, 2019) and various mechanical loading (Weng et al., 2020;
Chen et al., 2021; Weng et al., 2021), and the evolution of SFT's
(Wuetal, 2018b; Wu et al., 2018¢; Zhang et al., 2018; Chen et al.,
2020). To study the formation and aggregation of vacancies using
MD simulation of irradiation requires a long time and a lot of

computing resources. Therefore, to study the effect of SFTs on the
mechanical properties using MD simulations, SFTs are usually
generated by minimizing and relaxing the system containing a
planar triangular vacancy zone (Wu et al., 2017; Wu et al., 2018a;
Wu et al,, 2018b; Wu et al, 2018c). Based on the above
considerations, we mainly focus on the process after the
aggregation of vacancies to explore whether the Silcox-Hirsch
formation mechanism of SFT applies to HEAs due to the severe
lattice distortion caused by the multi-principal elements. If
applicable, the effect of SFTs in HEAs on mechanical
properties needs to be studied.

In this work, we use MD simulations to explore the following
two questions: 1) the feasibility of the Silcox-Hirsch formation
mechanism in HEAs, 2) the effect of SFT on the mechanical
property of HEAs and the evolutions of SFTs under shear along
different directions.

2 SIMULATION DETAILS

Figure 1 is the schematic illustration of the simulation process in
this work. We first build pure Ni and CoCrFeNiMn HEA samples
containing approximately 290,000 atoms, where the x, y, and z
axes are parallel with [112], [111], and [110], respectively, and
the size is 13 x 20 x 12 nm. At present, it is generally believed that
the chemical short-range order (CSRO) is of great significance to
the mechanical properties of HEAs. The abundant CSRO
structures may affect the formation and evolution of SFT in
HEAs. In this work, we only consider the random distribution of
different types of atoms without considering the CSRO; therefore,
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FIGURE 2 | Formation of SFT in CoCrFeNiMn. (A) Frank dislocation loop yC, (B) dissociation of Frank dislocations, (C) glide of Shockley partial dislocation, (D)

perfect SFT, with red atoms representing SF.

five kinds of atoms (Co, Cr, Fe, Ni, Mn) are randomly distributed
in a HEA sample. According to the current experimental results
for FCC metals, the vacancies are usually distributed on the (111)
plane, so an equilateral planar triangular vacancy zone is
established on the (111) plane. Then, 91 atoms in the middle
of the (T11) plane of the samples are removed to introduce an
equilateral planar triangular vacancy zone; subsequently, energy
minimization is carried out, followed by the relaxation at a given
temperature. The energy minimization is performed by the
conjugate gradient algorithm. The relaxation is performed for
40 ps under the NPT ensemble at a temperature of 300 K and a
pressure of 0 bar (Rapaport, 1999), which leads to the formation
of a SFT with an edge length of about 3 nm in the sample, within
the range (2-4 nm) of SFTs in the irradiated metal Ni (Schaublin
etal., 2006). The samples are then subjected to shear deformation
in different directions with a strain rate of 1 x 10° s™, of which
four shear directions, i.e., the positive and negative directions of
the x and z axes, are adopted, indicated by Case 1 to Case 4,
respectively. The stress components, except the one along the
shear direction, are kept at zero during shear. For example, if the
shear strain is imposed on the end of simulation box and along
the x-axis direction, the pressure of the y-end and z-end is zero. In
all the simulations, periodic boundary conditions are applied in
all the three directions.

The second nearest-neighbor modified embedded-atom
method (2NN MEAM) potential and the parameters
developed by Choi et al. (2018) are employed to describe the
interaction between the atoms, which have been widely used in

the MD simulation of mechanical behaviors of CoCrFeNiMn
HEA (Fang et al,, 2019; Lee et al., 2021; Wang et al., 2021; Zhou
etal, 2021). The stacking fault energy of CoCrFeNiMn calculated
using these potential parameters is negative, consistent with first-
principles calculation results (Zhao et al., 2017), which further
demonstrates the validity of the potential. All simulations are
carried out using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) (Plimpton, 1995).

Microstructures and deformation behaviors are analyzed with
the adaptive common neighbor analysis (CNA) (Tsuzuki et al.,
2007), dislocation extraction analysis (DXA) (Stukowski and
Albe, 2010), and visualized using OVITO (Stukowski, 2010).
The Burgers vector of dislocation, slip direction and slip plane
are described using the Thompson tetrahedral notation (Silcox
and Hirsch, 1959b; Wu et al., 2017).

3 RESULTS AND ANALYSES

3.1 Applicability of Silcox-Hirsch

Mechanism in HEAs

Figure 2 shows the formation of a perfect SFT in CoCrFeNiMn
from an equilateral planar triangle vacancy zone, which can be
divided into four steps:

1) At t = 2.3 ps, the distances between the atoms on the upper
and lower the planar triangular vacancy zone becomes
smaller, forming a triangular Frank dislocation loop, whose
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FIGURE 3 | Atomic structure of SFTs in Ni and CoCrFeNiMn samples sheared along (111)[112] at different strains. (A=F) Ni; (G-I) CoCrFeNiMn HEA.

three edges are dislocations yC, as shown in Figure 2A. The ~ 3) The SRDs and SPDs on the same slip plane repel each other

stacking sequence of the triangular area along the y-axis is due to the acute intersection angle between their Burgers
ABCBG; therefore, this triangular area is an intrinsic stacking vector, causing the glide of SPDs on their respective slip
fault (SF). planes. The glide of SPDs brings in the formation of SF on
2) The Frank dislocation loop yC is dissociated on different theirs slip planes («, B, and §), as shown in Figures 2B,C.

planes as follows, 4) Atthe same time, the SPDs on the three slip planes intersect in
On the a plane: yC(a)— ya + aC pairs, forming three SRDs («af3, 8f, and ad) as follows:

On the 8 plane: yC(8)— yB + C The intersection of & and 8 planes: aC + C — of

On the § plane: yC(6)— yé + 6C. The intersection of § and f planes: §C + Cf — &8

The intersection of « and § planes: «C + C§ — ad
Therefore, three stair-rod dislocations (SRDs), ya, yf and y4,
and three Shockley partial dislocations (SPDs), a«C, SC and 6C, Three SRDs af, §f3, and ad are synthesized (Figures 2B,C),
are obtained, as shown in Figure 2B. and finally, intersect at Point C (Figure 2D). At this point, a
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formation of a perfect SFT is finished, containing four SFs and six
SRDs. The above process agrees with the Silcox-Hirsch formation
mechanism of SFT in traditional metals, indicating that this
mechanism is also applicable in FCC HEAs.

3.2 Transformation of SFT

3.2.1 Case 1 (111)[112]

Figures 3A-F show the atomic structure of the SFT in Ni sample
sheared along (111)[112] at the different strains, where the
atoms identified as FCC have been removed for clarity and
the rest atoms colored in red, blue, and gray correspond to
HCP, BCC, and “other” structures, respectively. Figures
3A-E are the bottom views, and Figure 3F is the left view.
Figure 3A shows the microstructure of a SFT at € = 0, where
the SFT is composed of six SRDs. Corresponding to the
bottom plane ABD of the SFT, C is the vertex, and BD of
the SFT is parallel with the z-axis. With the increase of ¢, the
evolution of the SFT can be divided into the following three
stages:

1) Annihilation of the SF on the y plane. With the increase of ¢,
two SRDs (y§ and pf3) near Point A are dissociated into three
SPDs (yA, Ad, and AB) at ¢ = 0.0638, by y§ — ypA + A6,
yB — yA + AB. Then, the dislocation yA glide on the y
plane in a bow shape, resulting in the annihilation of the
SF on the y plane, as shown in Figure 3B. When the
dislocation YA meets and reacts with the SRD ay, forming
a Frank partial dislocation (FPD) aA (ay + yA — aA). At
this time, the SF on the y plane annihilates entirely, and
the FPD aA generated remains parallel with the z-axis, as
shown in Figure 3C.

Annihilation of the SF on the a plane. At £ = 0.0886, two SRDs
(8a and Ba) near Point C are dissociated into three SPDs (Ca,
0C and BC). Before the reaction of the dislocations on the «
plane, the basal plane (p) of the SFT has annihilated. Then,
SPD Cu glides on « plane, and the SF on « plane annihilates
gradually, as shown in Figure 3D, which is similar to the
annihilation of the SF on y plane. At & = 0.0902, SPD Ca reacts
with FPD «A, forming a perfect dislocation CA with Burgers
vector of 1/2[011], as shown in Figure 3E. The dislocation
reactions can be expressed as o — 6C + Ca, fa — SC + Ca
and Ca + @A — CA.

Expansion of SFs on the § and 8 planes. After the above two
stages, the SFs on y and « planes annihilate entirely, leaving
two enlarged SFs on the ¢ and f planes. With the increase of
strain, the ends of the perfect dislocation CA are pinned, but
the SPDs on & and f planes continue to glide on their slip
planes, contributing to the expansion of the SFs on the § and f8
planes. Eventually, it evolves into a structure where two SFs
intersect at 60°, as shown in Figure 3F.

2

~

3

~

Figures 3G-I show the atomic structure of the SFT in the
CoCrFeNiMn sample under shear along (111)[112] at different
strains, where the atoms identified as FCC have been removed for
clarity. Figure 3G shows the atomic configuration at ¢ = 0.0794,
where, in addition to the changes in SFT, there are some scattered
white atoms far away from the SFT (often called shuffled atoms).

Stacking Fault Tetrahedron in HEA

To analyze the evolution of the SFT more clearly, these shuffled
atoms and the other white atoms are also removed, as shown in
Figures 3H,I. The microstructure evolution of the CoCrFeNiMn
sample is similar to that of Ni, and the difference is that the SPD
pA continues to glide and finally forms a SF on the y plane. Ate =
0.0794, the SRDs yf and yd near Point A are dissociated into
three SPDs, yA, AJ, and AB. Then, yA glides on the y plane, and
the SF at the basal plane (y plane) annihilates gradually, as shown
in Figure 3H.

At e=0.0902, the SRDs §a and o near Point C are dissociated
into three SPDs, Ca, 6C and SC, among which, Ca glides on the &
plane, and the SF on the & plane annihilates gradually. Afterward,
Ca meets with the SRD ay, generating an FPD Cy
(Ca+ ay — Cy), as shown in Figure 3I.

In this case, there are some differences between the response of
CoCrFeNiMn and that of Ni. First, the reaction of pA on the basal
plane with the SRD ay of SFT does not generate Frank partial
dislocation, but continues to slip forward, forming SFs on the left
side of BD. Second, no dissociation of SRDs on the y and « planes
occurs. Third, there are more shuffled atoms in CoCrFeNiMn
than in Ni.

3.2.2 Case 2 (111)[112]

The evolution of microstructures in the Ni sample sheared along
(111)[112] is different from that in Case 1. Figures 4A-C show
the atomic structures of the SFT in the Ni sample sheared along
(111)[112] at different shear strains. At e = 0.1142, two SRDs (da
and Ba) near Point C are dissociated into three SPDs (Ca, 6C, and
BC); subsequently, Ca glides on its slip plane, forming a new SF.
On the other hand, the original SFT tends to become smaller,
which is different from the annihilation of SF in Case 1, as shown
in Figure 4A. It indicates that the glide of SPDs can not only
annihilate SFs but also form new SFs. The dissociation of the two
SRDs (6 and Ba) near Point C follows da — 6C + Ca and
Pa — BC + Ca.

After these reactions between dislocations and the further
glide of dislocations, the SF on the « plane expands. Then a part of
SPDs §C and BC react with SPDs yé and yf at Points B and D,
forming two Frank dislocations yC, as shown in Figure 4B. The
reactions can be expressed as, y§ + §C — yC and yf + fC — yC.

The above dislocation reaction shortens the dislocations §C
and fC, leading to a reduction in the height of the SFT (from 15
atomic layers to 10 atomic layers). In general, the most critical
microstructure evolution under shear along (111)[112] is the
formation of the SF on the « plane and the reduction of the SFT
size, as shown in Figure 4C.

Figures 4D-G show the atomic structures of the SFT in
CoCrFeNiMn under shear along (111)[112] at different
strains, where lots of shuffled atoms can be observed
(Figure 4D). For clarity, the white atoms have been removed
in Figures 4E-G. At ¢ = 0.0728, the SRD ¢4 is dissociated into
SPDs yA and AS, of which yA glides on the basal plane (ABD) of
SFT, forming a SF, as shown in Figure 4D. At ¢ = 0.0738, the SRD
yB is dissociated into SPDs pA and A, of which the SPD pA
glides on the basal plane (ABD), promoting the further expansion
of the SF on the y plane, as shown in Figure 4E. Then, the SRDs
da and Pa on the « plane are also dissociated into SPDs §C, fC
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FIGURE 4 | Atomic structure of SFT in Ni and CoCrFeNiMn samples sheared along (111)[112] at different shear strains. (A=C) Ni; (D-G) CoCrFeNiMn HEA.

and Ca. At e =0.081, the glide of the dislocation Ca formsa SFon  SF on the bottom plane forms firstly, before the formation of a SF
the « plane (Figure 4F). Finally, the SFs on the y and « planes  on the a plane. The SF on the « plane stops when it meets with the
form, and, compared with Ni, the most distinct differenceis thata ~ SF on the y plane, as shown in Figure 4G.
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FIGURE 5 | Atomic structures of SFTs in Ni and CoCrFeNiMn samples sheared along (111)[170] at different shear strains. (A-D) Ni. (E) CoCrFeNiMn HEA.
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FIGURE 6 | lllustration for the formation of TBs.

3.2.3 Case 3 (111)[110]
Figures 5A-D show the atomic structures of the SFT in the Ni
sample sheared along (111)[110] at different shear strains. Like
Case 1, SRDs are first dissociated into SPDs. At £ = 0.0792, two
SRDs (ay and yp) are dissociated into three SPDs (aD, yD, and
DB) from Point D on the y plane (ay — aD + Dy,
yB — yD + Df). Then the yD (or Dy) glides on the y plane,
inducing the annihilation of a SF on the y plane, as shown in
Figure 5A.

With the increase of shear strain, the yD reacts with the §y,
forming an FPD 6D (6y + yD — 6D), as shown in Figure 5B.
Then the 6D is dissociated into three SPDs §A, Af and D

(6D — 6A + AB + D). The D and Ap glide on the y plane, and
their movement yields a stable SF, as shown in Figure 5C. Finally,
a mixed plane of the SF and the twin boundary (TB) is observed
on the y plane of the SFT. It shows in Figure 5D that, as ¢ is
increased from 0.1202 to 0.1264, the upper surface of the SF re-
nucleates and generates an SPD D by following the Orowan
mechanism (Scattergood and Bacon, 1975). Then BD glides on
the upper plane and eventually forms two twin boundaries (TB1
and TB2), which reduces the height of SFT from 15 atomic layers
to 12 atomic layers.

The formation of TBs can be illustrated in Figure 6. A
dislocation nucleates from the SFT and glides, forming a
stacking fault, with the stacking sequence varying from
ABCABCA ... to ABCBCAB ... Then, an SPD glides on the
plane that is one atomic layer higher than the y plane, resulting in
an upward movement of the upper atomic layer of the SF and
separating the two atomic layers in the SF structure. The stacking
sequence varies from ABCBCAB to ABCBABC
Subsequently, new SPD nucleates from the SFT and glides on
a higher atomic plane, contributing to the upward movement of
the upper atomic layer of the SF. Accordingly, the stacking
sequence varies from ABCBABC ... to ABCBACA ... With
the glide of the dislocation, the upper atomic layer of the SF
moves upwards, increasing the spacing between the two atomic
layers and the formation of two TBs. This evolution causes the
upward movement of the bottom plane of the SFT, which reduces
the SFT height.

Figure 5E shows the microstructures in CoCrFeNiMn under
shear along (111)[110] at € = 0.0776, 0.0976, and 0.1212. Similar
to that in Ni, two SRDs are first dissociated into SPDs and then
glide, inducing the annihilation of the SF on the y plane. Then two
SPDs glide on the y plane of the SFT, resulting in a SF that
replaces the bottom area of the SFT at ¢ = 0.0776. With the
increase of shear strain, dislocations form on the SF, and the SF
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FIGURE 7 | Atomic structures of SFTs in Ni and CoCrFeNiMn samples sheared along (117)[110] at different shear strains, (A,B) Ni. (C,D) CoCrFeNiMn HEA.
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zone expands, forming a multiatomic layer (about five atomic
layers) SF at the bottom of the SFT, which leads to the reduction
in the height of the SFT, from 11 atomic layers at £ = 0.0776 to 8
atomic layers at € = 0.0976. At & = 0.1212, the middle part of the
multiatomic layer SF annihilates, resulting in two SF zones, as
shown in Figure 5E.

3.2.4 Case 4 (111)[110]

For Ni, the microstructural evolution in Case 4 is similar to that in
Case 3, except that the SF forms on the 8 plane. At € = 0.0826, the
SRD near Point D is dissociated into three SPDs, aD, yD, and Dp.
Then, yD glides on the y plane, yielding a SF at £ = 0.099, as
shown in Figure 7A. Different from Case 3, the SRDs, 36 and fa,
near the vertex C, are dissociated into three SPDs, SC, C§ and Ca.
The SPD j3C glides on its slip plane, generating a new SF on the f3
plane, as shown in Figure 7B. The dissociation of f§ and f« can
be expressed as f§ — BC + C§ and fa — pC + Ca.

Figures 7C,D show the atomic structures of the SFT in
CoCrFeNiMn under shear along (111)[110], where lots of
shuffled atoms can be observed (Figure 7C). The response of
the CoCrFeNiMn is similar to that of Ni. With the increase
of shear strain, the evolution of the SFT can be divided into two
stages: 1) the formation and expansion of the SFs on the y plane;

2) the formation of SFs on the 8 plane. The difference in the case
of Ni is that when SFs form, yD does not glide on the y plane, but
glides outside the bottom surface of the SFT (outside the y plane),
leading to a SF, as shown in Figure 7D, and the final result agrees
with that in Ni, as shown in Figure 7B.

4 DISCUSSION

The shear stress-strain (0—¢) curves of Ni and the CoCrFeNiMn
HEA samples (each containing a SFT at its center) subjected to
shear deformation in the four directions at 300 K are shown in
Figure 8A. For comparison, the same shear simulations of Ni and
the CoCrFeNiMn HEA samples without any SFT are performed,
and the o—¢ curves are shown in Figure 8B. The o—¢ curves of Ni
are higher than those of CoCrFeNiMn, which should be ascribed
to the higher generalized stacking fault (GSF) energy curves of Ni
(Figure 8C). For Ni and the HEA, the shear direction in Case 1
and Case 3 is opposite to that in Case 2 and Case 4, respectively.
Therefore, for the Ni and HEA samples with or without a SFT, the
o—¢ curves in Case 1 are higher than those in Case 2, while those
in Case 3 and Case 4 almost coincide, which could be attributed to
the symmetry of atomic arrangement. From the GSF energy
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FIGURE 8 | Shear stress-strain curves of Ni and CoCrFeNiMn HEA samples sheared along four directions at 300 K. (A) with SFT; (B) without SFT; (C) Variations of
GSF energies of different slip systems with relative displacement; (D) Comparison of critical shear stress between samples with and without SFT.

TABLE 1 | Shear moduli (G), critical shear stresses (rmax), €nergy barriers (E,,) and incipient nucleation points of Ni and CoCrFeNiMn HEA samples with a SFT under shear
along different directions. The results of samples without SFT are provided in brackets () for comparison.

Sample Case 1 [112]
G (GPa) Ni 70.75 (70.78)

HEA 40.36 (40.07)
Tmax (GPa) Ni 7.01 (15.33)

HEA 4.18 (5.63)
Ern (MJ/m?) Ni 1,260.0

HEA 1,195.5
Incipient nucleation point Ni A

HEA A

curves in Figure 8C, one can see that the curves of (111)<110> are
bilaterally symmetric, i.e., the curves from the relative displacement
from 0.0 to 1.0 (Case 3) are equivalent to those from the relative
displacement from 1.0 to 0.0 (Case 4); while the curves of (111)<112>
are asymmetrical, indicating that gliding in Case 2 is much easier than
that in Case 1. Therefore, Case 2 and Case 1 are usually referred to as
“Easy” and “Hard” slip direction, respectively (Li et al,, 2014; Li et al,,
2016; Yang et al,, 2019). The shear modulus G can be obtained by
fitting the slope of these curves at the initial stage, as listed in Table 1,
where it can be seen that the shear moduli of the samples with SFT are

Case 2 [112] Case 3 [110] Case 4 [110]

63.54 (63.48) 66.86 (66.82) 66.88 (66.92)
33.44 (33.56) 36.22 (36.4) 36.23 (36.27)
6.28 (8.05) 5.33 (9.41) 5.39 (9.41)
2.08 (2.28) 2.61 (2.75) 2,57 2.72)
472.8 9103 910.3
196.8 655.2 655.2
C D D
c D D

consistent with that of samples without SFT for both Ni and HEA,
indicating that SFT has a negligible effect on the G.

The energy barrier E,;, is usually used to predict the slip order;
the higher the energy barrier, the more difficult the glide (Yadav
et al,, 2014; Fu et al.,, 2015a; Fu et al.,, 2015b). For the Ni and
CoCrFeNiMn samples without SFT, the relationship of critical
shear stress 7 of the four cases iS Tcasel > TCase3 = TCased > TCasels
following the relationship of energy barriers (Table 1). The
energy barriers of Case 3 and Case 4 are about two to three
times that of Case 2; however, Tcyses and Teyes are only about 20%
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TABLE 2 | Final states of SFTs and characteristics of dislocation lines in Ni and CoCrFeNiMn HEA samples sheared in different directions. Annihilation denoting annihilation of
SF; Expansion, formation and expansion of new SF; invariance, insignificant changes in stacking faults.

Materials 3 B
Case 1 Ni Annihilation Expansion
HEA Annihilation Expansion
Case 2 Ni Expansion Invariance
HEA Expansion Invariance
Case 3 Ni Invariance Invariance
HEA Invariance Invariance
Case 4 Ni Invariance Expansion
HEA Invariance Expansion

higher than that of Case 2. Despite the shear along the <110>
direction (Case 3 and Case 4), the deformation mechanism is also
the nucleation and slip of partial dislocations; therefore, Tc,se3 and
TCases are moderately larger than Ty . For the samples with SFT, the
maximum stresses show different relationships: for Ni,
TCase 1 > TCase 2 > TCase 3 = TCase 4> following the relationship of
energy barrier, but for CoCrFeNiMn,
TCase 1 > TCase 3 = TCase 4 > Tcase 2, Which does not follow the
relationship of energy barriers.

Since the maximum stress here does not correspond to dislocation
nucleation and the annihilation of the y plane does not lead to a drop
in stress, the sudden drop in stress should correspond to plastic
deformation. For example, in Case 1 for Ni, the microstructures at
Points “a” and “b” in Figure 8A correspond to the dissociation of
SRDs and the annihilation of the SF on the « plane (Figures 3B,D),
but the shear stress remains increasing, and the crystal is in the initial
stage of plastic deformation. Then, the glide of SPD induces the SFs
on the ¢ and S planes, resulting in a drop in stress. To further explore
the response of the annihilation of SF on the y plane to the stress, we
perform an unloading simulation from & = 0.092 (Point “c” in
Figure 8A), and found that the SFT returns to its original shape.
It can be speculated that the energy stored in the material could
provide the energy required for the recovery. In Case 2 for Ni, the
formation of the SFs on the « plane causes the drop in stress, while in
Case 3 and Case 4, the annihilation of the SF on the y plane induces
the drop in stress.

Figure 8D shows the comparison of critical shear stress between
the samples containing SFT with those without containing SFT,
where one can see that the introduction of SFT would reduce the
mechanical properties of both Ni and the HEA. However, the stress
reduction caused by SFT in the HEA for each case is much less than
that in Ni, showing that the mechanical properties of the HEA are less
dependent on SFT. This weaker dependence may be attributed to the
self-adjustment of the internal stress due to the multi-component
nature of HEA.

During shear, besides the slip and evolution of dislocations, there
are some atoms that are far from their equilibrium positions and are
identified as shuffled atoms. These shuffled atoms can only be
observed in the Ni sample in Case 2, but can be observed
commonly in the CoCrFeNiMn samples subjected to shear along
different directions, which could be ascribed to the lattice distortion
effect.

r 8 Dislocation lines
Annihilation Expansion Smooth
Expansion Expansion Tortuous
Invariance Invariance Smooth
Expansion Invariance Tortuous
Expansion Invariance Smooth
Expansion Invariance Tortuous
Expansion Invariance Smooth
Expansion Invariance Tortuous

The dislocation nucleation points in the Ni and CoCrFeNiMn
HEA samples subjected to shear deformation along different
directions are summarized and shown in Table 1. The positions
of incipient nucleation of dislocations are all from the three vertices of
the SFTs (A, C and D in Figure 1). Dislocation nucleates from Point
A in Case 1; from Point C in Case 2; and from Point D in Case 3 and
Case 4, indicating that the site of incipient nucleation of dislocations is
related to the shear direction.

The microstructures in Ni and the CoCrFeNiMn HEA are
versatile in different cases, but the primary evolutions are all
around the four planes of the SFT (a, f3, &, y), including the
annihilation of SF (Annihilation) and formation and expansion of
new SFs (Expansion) and insignificant changes of SFs (Invariance), as
summarized in Table 2. On the &,  and ¢ planes, no significant
differences can be detected between Ni and CoCrFeNiMn for each
case; but on the y plane, there are distinct differences between Ni and
CoCrFeNiMn for both Case 1 and Case 2. In the CoCrFeNiMn
sample, a new SF forms; while in Ni, the SF annihilates and keeps
invariant in Case 1 and Case 2, respectively. Another essential
difference of the microstructures in Ni with that in the
CoCrFeNiMn HEA is that the dislocation lines in Ni are smooth,
while that in the HEA are more tortuous, which can also be attributed
to the multi-component feature.

5 CONCLUSION

In this work, the energy minimization and relaxation for the Ni and
CoCrFeNiMn high-entropy alloy (HEA) samples containing an
equilateral planar triangular vacancy zone were simulated
with molecular dynamics (MD), aiming to verify the
applicability of the Silcox-Hirsch mechanism in the
formation of stacking fault tetrahedrons (SFTs) in
CoCrFeNiMn HEAs. Then, the mechanical responses of
the SFTs in the Ni and HEA samples subjected to shear
deformation along different directions, as well as the
evolutions of their atomic structures, were studied
comparatively in detail. It was shown that the evolutions
of the SFT's have various patterns, including the annihilation
of stacking faults, formation and expansion of new stacking
faults, and insignificant changes in stacking faults. The effects
of SFT on the elastic properties of Ni and HEA are negligible.
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However, the introduction of SFT would reduce the critical
stress in both Ni and the HEA, but the reduction in the HEA
is much smaller than that in Ni. It was also found that the site
of incipient nucleation of dislocations is related to the shear
direction.

It should be noted that the chemical short-range order may be of
great significance to the formation and evolution of stacking fault
tetrahedrons, which requires hybrid MD and Monte Carlo
simulations to obtain HEAs with optimized chemical short-
range order.
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