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Abstract: Single-phase concentrated solid-solution alloys (CSAs) have exhibited excellent mechanical
and radiation tolerance properties, making them potential candidate materials for nuclear applica-
tions. These excellent properties are closely related to dislocation movements, which depend on the
stacking fault energies (SFEs). In CSAs, SFEs show large fluctuations due to variations in the local
atomic environments in the vicinity of the stacking faults. In this work, first-principle calculations
were performed to investigate the origin of the fluctuations in the SFEs of the widely studied CSA,
NiCoCr, which show a very wide distribution from about −200 mJ/m2 to 60 mJ/m2. Compared to
the common understanding that only atoms in close proximity to the stacking fault influence the
SFEs in pure metals and dilute alloys, charge redistribution can be observed in several nearby planes
of the stacking fault in NiCoCr, indicating that atoms several atomic layers away from stacking fault
also contribute to the SFEs. Our analysis shows that Cr plays a major role in the large fluctuation in
the SFEs of NiCoCr based on both electronic and magnetic responses. The flexible electronic structure
of Cr facilitates easier charge transfer with Cr in several nearby atomic planes near the stacking fault,
leading to significant changes in the d-electron number, orbital occupation number, and magnetic
moments of Cr.

Keywords: concentrated solid-solution alloys; stacking fault energy; first-principle calculations;
electronic structure

1. Introduction

Single-phase concentrated solid-solution alloys (CSAs) with two or more multiple
principal elements have attracted widespread attention due to their excellent mechanical
properties, corrosion resistance, and radiation tolerance [1–6]. In particular, NiCoFeCrMn,
a Ni-based CSA, exhibits outstanding fracture toughness and exceptional damage tolerance
under tensile stress, especially at cryogenic temperatures [3], which inspires researchers’
investigation on Ni-based CSAs including two to five principal elements [7–9]. As a
typical example of a Cantor alloy derivative, NiCoCr shows even better strength–toughness
properties, with a tensile strength of 1.4 GPa, a ductility of 90%, and a fracture strength of
275 MPa/m1/2 at 77 K [10]. It has been proved experimentally that these excellent mechanical
properties are closely related to the change of the deformation mechanism from conventional
dislocation gliding to more nano-twinning with decreasing temperature [3,11–14]. In addition,
many studies have shown that NiCoCr exhibits excellent radiation resistance. Jin et al. [15]
irradiated NiCoCr up to 53 displacements per atom (dpa) at 500 ◦C using 3.0 MeV Ni ions
and found that the irradiation swelling rate of NiCoCr (0.2%) was significantly slower than
that of pure Ni (6.7%). Granberg et al. [6] irradiated NiCoCr with Ni and Au ions with
the energies of 1.5 and 3 MeV and found a substantial reduction in damage accumulation
under prolonged irradiation in single-phase NiCoCr alloys compared to elemental Ni. It is
commonly believed that one of the reasons accounting for the good radiation resistance of
CSAs is their atomic-level heterogeneity, which causes point-to-point local lattice distortion
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and suppresses the dislocation slipping and defect cluster growth [16]. These results
indicate that the dislocation motion plays an important role in the properties of CSAs. It
is known that the deformation mechanism and dislocation motion in fcc alloys greatly
depend on the stacking fault energy (SFE) [17–19]. In general, deformation twinning is
energetically favorable when the SFE is low, while dislocation gliding is favored with a
high SFE. The low SFE can also lead to deformation-induced phase transformation from fcc
to hcp phase due to the low value of ∆Efcc-hcp [20]. This demonstrates that the SFE is an
important indicator of the material properties of CSAs.

The SFE in NiCoCr has been investigated in many studies through both experiments
and first-principle calculations [12,13,19,21–23], which show a very wide distribution from
about −200 mJ/m2 to 60 mJ/m2. This large fluctuation in the SFEs results from the
variations in the local atomic configurations in the CSAs [21,22]. It has been proved that
the fluctuation in the SFEs of CSAs is closely related to their mechanical properties. Prior
experimental studies have demonstrated that the observed fluctuation of the dislocation
line [24], which is due to the fluctuation in the SFEs, impedes dislocation motion and
thus enhances the mechanical strength of the CSAs [25]. Atomistic simulations show that
the critical stress to activate dislocation motion is much higher in CSAs compared to that
in pure Ni, due to this significant fluctuation in the SFEs [26]. Zhao showed that the
large fluctuation can effectively suppress defect numbers and defect cluster growth under
accumulated cascade conditions, thus enhancing the radiation resistance [27]. Therefore,
the large fluctuation in the SFEs of CSAs has a profound impact on their properties.

In CSAs, the atomic structure is characterized by different elements occupying the
sites of the lattice in a nonperiodic manner. In the simplest description, multiple elements
are randomly distributed in a single lattice. However, local chemical order, i.e., ordering in
the first few neighboring atomic shells to enhance the number of energetically preferred
bond types has been observed in experiments. Zhang et al. [28] found that the Cr atoms are
favorably bonded with Ni and Co in NiCoCr using neutron total scattering and extended
X-ray absorption fine structure techniques. Similarly, Zhang et al. [29] found that Cr–
Cr pairs are strongly disfavored at nearest-neighbor distances in NiCoCr using energy-
filtered transmission electron microscopy. The SFE of NiCoCr increases with increasing
amounts of such order and can be tuned by tailoring the local chemical order through
thermomechanical processing [19,29]. In addition, radiation-induced segregation has
been observed in several Ni-based CSAs including NiCoCr, in which Ni tends to enrich
near defect clusters (loops and voids) due to chemically preferential diffusion [30–33].
The short-range order and radiation-induced segregation will change the local atomic
environments and the fluctuation in the SFEs. Therefore, understanding the origin of the
SFEs’ fluctuation can help to predict the evolution of materials’ properties during either the
thermomechanical process or the irradiation process.

For CSAs comprising 3d transition metals, such as NiCoCr, 3d electrons play a key
role in determining the peculiar performance of the CSAs. For example, it was found that
defect migration can be understood by considering the inhomogeneous electronic charge
distribution through charge transfer between eg and t2g states [34], which are two energy
levels split from d orbitals according to energy and symmetry. The semi-filled 3d electrons
of Cr are used to illustrate the magnetic frustration in NiCoCr, which leads to easier fcc–hcp
phase transformation and contributes to enhanced strength [23]. The electronic effect of
the SFEs of CSAs has also been reported. Atomistic simulations found that local variations
in the SFEs of CSAs correlate with the charge density redistribution in the stacking fault
region, which can be described quantitively by a bond breaking and forming model [22].
However, this model, which considers the bonds in the first nearest neighboring plane of
the stacking fault, fits well for NiCo but not as well for NiFe and NiCoCr, especially for
NiCoCr. Therefore, further electronic analysis is needed to explore the factors that affect
the SFE variations of NiCoCr.

In this work, first-principle calculations based on density functional theory (DFT) were
employed to investigate the origin of the large fluctuation in the SFEs of NiCoCr. The SFEs
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of Ni, NiFe, and NiCoCr were calculated and compared, showing that the stacking fault
in NiCoCr had a longer influence distance. By constructing two specific situations, Cr
was verified to dominate the significant fluctuation in the SFEs of NiCoCr. Furthermore,
d-electron numbers, orbital occupation numbers in t2g and eg orbitals, and magnetic mo-
ments were used to capture the characteristics of Cr. Our results help to understand the
electronic effects in stacking fault structures and the important role of the specific atoms on
the significant fluctuations in the SFEs of CSAs.

2. Methods

DFT calculations were implemented using the Vienna ab initio simulation package
(VASP) code [35]. A gradient-corrected functional in the Perdew–Burke–Ernzerhof (PBE)
form was used to describe the exchange and correlation interactions [36]. Electron–ion
interactions were treated within the projector-augmented-wave (PAW) method [37], and
the standard PAW pseudopotentials provided by VASP were used. First-order Methfes-
sel and Paxton smearing of the Fermi surface was used [38], with a smearing width of
0.1 eV. The I-quantum number was set to 4 to account for d-element behavior precisely. The
energy cutoff for the plane-wave basis set was 400 eV. The energy convergence was set to be
10−4 eV. Spin-polarized calculations were carried out in all calculations.

To construct the chemical disorder structures of the CSAs, the special quasi-random
structure (SQS) method [39,40] was used in the Alloy Theoretic Automated Toolkit code
(ATAT) [41]. The lattice parameters were obtained by fitting the calculated energy–volume
relation to the B-M equations in 108-atom bulk samples. The SQSs were cleaved to slab

structures oriented in the [112], [
-
110], and [

-
1

-
10] directions with 12 atoms on each [

-
1

-
11]

plane. The number of layers ranged from 7 to 17. A vacuum layer with a thickness of
greater than 20 Å was added. The thickness of the vacuum layer was tested to avoid its
impact on the SFE for the surface atoms on either side of the vacuum layer will interact
with each other and cause changes in electronic and magnetic properties if the vacuum
layer is thin. It was found that even 20 Å was not enough for NiCoCr with 15 and 17 layers,
in which case 30 Å was used. An intrinsic stacking fault was introduced by rigidly shifting

the upper half [
-
1

-
11] layers in the [112] directions, as shown in Figure 1a. The Brillouin zone

was sampled with a 4 × 4 × 1 K-mesh using a gamma-centered scheme. The energy cutoff
and K-mesh were sufficiently tested to ensure an error of less than 1 meV/atom. The atomic

positions were relaxed only along [
-
1

-
11] by minimizing the Hellmann–Feynman forces on

each atom to less than 10−2 eV/Å. When calculating the DOS, the energy convergence was
increased to 10−7 eV with a 6 × 6 × 2 K-mesh, and the tetrahedron method with Blöchl
corrections was used. Finally, the SFE was calculated by the formula [42]:

γSF =
1
A
(ESF − E0) (1)

where A is the area of stacking fault and ESF and E0 are the energy of the structures with
and without stacking fault, respectively.
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Figure 1. (a) The atomic configurations before and after introducing a stacking fault. (b) SFE
fluctuation of Ni, NiFe, and NiCoCr with different layers. (c) The maximum accumulation and
maximum depletion of charge on the stacking fault center surface of the NiCoCr with an increase in
the number of atomic layers. Compared to Ni and NiFe, longer-range atomic layers in NiCoCr affect
the SFE.

3. Results and Discussion

Firstly, pure Ni was investigated to verify the calculation methods. The lattice pa-
rameter of pure Ni, obtained from the fitting of the energy–volume relation using B-M
equations, was 3.517 Å, which is similar to 3.522 Å in previous work [43]. The SFE of pure
Ni calculated in this work was 130 mJ/m2, which is within the range of 120–142 mJ/m2

reported in the previous study [21]. This good agreement indicates that the calculation
method is reliable. The calculated lattice parameters and SFEs of NiFe and NiCoCr are
listed in Table 1. These lattice parameters are all comparable to those in the references. It is
worth mentioning that the SFEs of NiFe and NiCoCr had very wide ranges, different from
pure metals and dilute alloys. Especially in NiCoCr, the range was from −200 to 60 mJ/m2.
It has been proved that the fluctuation in the SFE is closely related to the stacking fault area
used in calculations, and the standard deviation (σ) of the SFE distribution decreases as the
area increases using empirical potential calculations [22]. In the limit of an infinite stacking
fault area, σ will be zero and the SFE is a single value. However, the stacking fault area of
alloys is finite in reality, so different SFEs, related to the local atomic configurations, are
expected. The different SFEs mean that the mechanical properties of the material may vary
at different locations.
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Table 1. Calculated lattice parameters and SFEs of Ni, NiFe, and NiCoCr in this work. The lattice
parameters from references are listed for comparison. CASs show large fluctuations in their SFEs.

Lattice Parameter (Å) SFE (mJ/m2)

This Work Reference This Work

Ni 3.517 3.522 [43] 130
NiFe 3.574 3.583 [44] 0–200

NiCoCr 3.527 3.529 [21] −200–60

The SFE of alloys strongly depends on their local atomic environments. In general,
for dilute alloys, only atoms on the nearest neighboring atomic layer of the stacking
fault will contribute to the SFE [45]. However, large fluctuations in magnetic moments
have been observed in the third nearest neighboring atomic layer and even in more dis-
tant atomic layers of NiFe and NiCoCr alloys [22], suggesting that more distant atoms
in both alloy systems also contribute to the SFE. To investigate the range of atomic ar-
rangement that plays a role in the SFE in concentrated solid-solution alloys, the central
atomic arrangement of the stacking fault remained unchanged, and new atomic layers
were added to the top and bottom of the stacking fault, respectively, to examine whether
the external atoms still contributed to the SFE. Figure 1b shows the SFE fluctuations of
Ni, NiFe, and NiCoCr with the atomic layers ranging from 7 to 17. The SFE for the
17-atomic-layer structure was stabilized, so the SFE fluctuations were defined as the SFE
differences between the 17 atomic layer structure and other different atomic layer structures.
It can be observed from Figure 1b that the SFEs of Ni and NiFe stayed stable as there were
more than seven atomic layers. However, the SFEs of NiCoCr still underwent significant
changes as the atomic layers increased up to 13 layers.

It has been proved that the stacking faults lead to charge redistribution in the stacking
fault region [22,46–48]. Before and after the introduction of stacking faults, the charge
density in the region near the stacking faults changes significantly, and the connection
between charge density at bond critical points and SFE has been established [22]. The
investigation of charge redistribution is an effective way to illustrate the fluctuation in the
SFEs. Therefore, we calculated the maximum accumulation and depletion of charge on the
stacking fault’s center surface of NiCoCr with the increasing number of atomic layers, as
shown in Figure 1c. The results show different degrees of charge transfer on the stacking
fault center surface up to 13 atomic layers, which is consistent with the results of the change
in the SFE. The atoms at the sixth nearest neighbor atomic layer (6 nnp) still affected the
SFEs of NiCoCr alloys. The diversity of atomic configurations in the 6 nnp range led to
large variations in the SFEs of NiCoCr alloys.

The average values of the absolute values of the changes in magnetic moments µ of
the different atoms on each nearby plane before and after the introduction of the stacking
faults were also calculated for the Ni, NiFe, and NiCoCr alloys, as shown in Figure 2. In
pure Ni, the variation in magnetic moments was mainly concentrated within 1 nnp, and
in NiFe, the variation in magnetic moments was mainly concentrated within 2 nnp. In
contrast, in NiCoCr, there were significant variations in the magnetic moments of both Co
and Cr up to 3 nnp, especially for Cr, which still had a variation in the magnetic moment
at 6 nnp. This consistency between the results of the SFEs and the charge redistribution
suggests that Cr atoms may play an important role in the variation of the SFEs.

To further analyze the role of Cr on SFE fluctuations, the electronic structures were
analyzed in terms of electronic density of states (DOS) and charge density distribution. For
alloys composed of transition metal elements, the DOS is dominated by d electrons [34,49,50].
Figure 3 shows the result for the projected DOS (PDOS) of Ni, Co, and Cr atoms in 1 nnp
before and after introducing a stacking fault. The t2g and eg orbitals are two components of
d electrons based on symmetries. It can be observed from Figure 3 that the PDOS changed
for all three atoms after the introduction of a stacking fault. This is because the bonds
between the upper and lower half parts are broken and rebuilt after the introduction of
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the stacking fault. Compared to Ni and Co, the change was more significant in Cr, with
a significant increase in the occupation of t2g states and a decrease in eg states near the
Fermi level. Table 2 shows the d-electron occupation in t2g and eg orbitals for the three
atoms in the perfect structures and the stacking fault structures. It should be noted that
∆(t2g) and ∆(eg) are usually positive and negative, respectively, and their sum may not be
zero, indicating that the charge transfer occurs not only between the t2g and the eg orbitals
but also between different atoms. The differences in t2g and eg values for Ni and Co were
relatively small, while the differences were larger for Cr, with 0.06 for t2g and −0.03 for
eg. Another aspect of the investigation into the charge transfer at stacking fault is the
calculation of the charge density difference before and after the introduction of the stacking
fault. As shown in Figure 4, the charge density difference for Cr was more significant
as well as more complex than that for Co and Ni. The charge density difference near Cr
can be as high as 0.13 e/bohr3 and has both positive and negative values along different
directions asymmetrically. Combined with the DOS and charge density difference, the
charge redistribution induced by the stacking fault in NiCoCr mainly occurred in Cr.
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Table 2. The d-electron occupation in t2g and eg orbitals for the three constituent elements in NiCoCr
in the perfect structures and the stacking fault (SF) structures.

Perfect Structure SF Structure Difference

t2g eg t2g eg ∆(t2g) ∆(eg)

Ni 5.03 3.28 5.02 3.29 −0.01 0.01
Co 4.41 2.92 4.38 2.93 −0.03 0.01
Cr 2.47 1.69 2.53 1.66 0.06 −0.03
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the introduction of stacking fault. The charge density difference for Cr is more significant as well as
more complex than that for No and Ni.

To further demonstrate the influence of Cr on SFE fluctuations in NiCoCr, we con-
structed two scenarios for comparison. In scenario one, as shown in Figure 5a, NiCoCr
was randomly distributed in the middle six layers and more NiCo layers were added to
the outside, while in scenario two, as shown in Figure 5b, NiCo was in the middle and
more NiCoCr layers were added to the outside. In this way, Cr was isolated either in the
inner layers or in the outer layers. Three configurations were calculated for each scenario.
The influence of the addition of different atomic layers on the SFE in these two scenarios is
shown in Figure 5c and 5d, respectively. When the added atomic layer included Cr, there
was a significant change in the SFE, whereas there was only a small change in the SFE
when the added atomic layer contained only Ni and Co. This result clearly indicates that
Cr atoms, even five atomic layers away from the stacking fault, still impacted the SFEs
compared to Ni and Co.

Furthermore, we calculated the changes in the occupation number of the t2g and
eg orbitals for each element near the stacking fault in each scenario before and after the
introduction of a stacking fault. Figure 5e shows the average of |∆(t2g)| and |∆(eg)|
for each element in 1 nnp of stacking fault in Configuration 1, and Figure 5f shows the
average of |∆(t2g)| and |∆(eg)| for Ni and Co in 1 nnp of stacking fault and Cr in 4 nnp in
Configuration 4. When adding Ni and Co in the outer layers, the SFE, as well as the t2g and
eg values, did not change significantly. However, when adding Cr in the outer layers, the
SFE changed significantly, accompanied by substantial changes in the electronic structures
of Cr as shown in Figure 5f. This correspondence clearly indicates that the fluctuation in
Figure 5d is attributed to the change in the electronic structures of Cr.
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In addition, we considered the cases in which SFE is negative, close to 0, and positive,
respectively. Three 12-layer configurations were calculated to investigate the different
electronic and magnetic responses of the three constituent elements to the stacking fault.
As shown in Figure 6, in all three cases, the t2g and eg orbital electrons of Cr exhibited
significant changes after the introduction of the stacking fault compared to those of Ni and
Co. Correspondingly, the number of d electrons and the magnetic moment of Cr likewise
changed most significantly. The results further underscore the dominant role of Cr in the
fluctuations in the SFEs.

Due to its semi-filled valence electrons, Cr possesses a more flexible electronic structure
than Ni and Co. Consequently, more charge transfer occurs with Cr, resulting in changes
in the d-electron number, orbital occupation number, and also magnetic moments. On the
contrary, Ni and Co have almost full valence electrons, thus they only need to make small
adjustments to accommodate changes in their immediate neighbor, i.e., Cr. When changes
occur in the arrangement of Cr in the stacking fault structure of NiCoCr, the charge transfer
and magnetic moment will change significantly, leading to a change in the SFE that ranges
from −200 mJ/m2 to 60 mJ/m2. Moreover, a long range of Cr atoms contribute to this
process. As a result, the diverse charge redistribution due to the differences in the atomic
arrangement of Cr over a wide range is the key factor that influences the variation in the
SFE of NiCoCr.

Radiation-induced elemental segregation in Ni-based CSAs has been reported in many
studies. Using Ni ions to irradiate Ni, NiCo, NiFe, NiCoCr, NiCoFe, and CoCrFeNi CSAs
at room temperature, Tuomisto et al. [30] concluded that elemental segregation occurred
at a very low irradiation damage level in the CSAs by positron annihilation spectroscopy
analyses. Lu et al. [31] irradiated a group of single-phase CSAs, NiFe, NiCoFe, NiCoFeCr,
and NiCoFeCrMn using 3 MeV Ni2+ ions at 773 K and found that Ni and Co tend to enrich,
while Cr, Fe, and Mn prefer to deplete near the defect clusters. Considering the crucial
role of Cr in the large fluctuations in the SFEs, the depletion of Cr in NiCoCr will likely
lead to a smaller fluctuation in the SFEs under irradiation, and the average of the SFEs
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may approach that of NiCo, potentially detrimentally affecting the mechanical properties
of NiCoCr. Moreover, the degree of local ordering at the nanometer scale can be tailored
through thermomechanical processing in CSAs. Given Cr’s important role for SFEs, the
focus of regulating local ordering may concentrate on the distribution of Cr. Our work
enhances the understanding of the effects of specific elements on the SFEs of CSAs.
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4. Conclusions

In this work, we investigated the large fluctuations in the stacking fault energy of
NiCoCr concentrated solid-solution alloys with a range from −200 mJ/m2 to 60 mJ/m2

by first-principle calculation. By constructing two special situations, it was found that the
Cr element plays an important role in the fluctuation of the SFEs. Due to the complex
electronic structure of Cr, when the arrangement of Cr atoms near the stacking fault is
varied, it will lead to significant changes in the charge distribution, such as the t2g and eg
orbital electrons, thus changing the SFE. In particular, a long range of Cr arrangements
can affect the SFE. Our results help to understand the role of element-specific electronic
structures, particularly those elements with half-filled electron shells, on the stacking fault
structure in CSAs.
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