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Irradiation resistance mechanism
of the CoCrFeMnNi equiatomic
high-entropy alloy

Q. Xu'™, H.Q. Guan? Z. H. Zhong?, S. S. Huang? & J. J. Zhao?

When face-centered cubic (FCC) metals and alloys with low stacking fault energy (SFE) are irradiated
by high-energy particles or deformed at high speed, stacking fault tetrahedra (SFTs), which are a type
of vacancy cluster defect, are often formed. Therefore, SFTs were expected to form in the CoCrFeMnNi
equiatomic high-entropy alloy (HEA). However, no SFT was observed in the CoCrFeMnNi HEA with
high-speed plastic deformation even after annealing at 873 K. To elucidate this mechanism, the
binding energy of vacancy clusters in the CoCrFeMnNi HEA was calculated based on first principles.
The binding energy of the di-vacancy cluster was positive (average of 0.25 eV), while that of the tri-
vacancy cluster was negative (average of - 0.44 eV), suggesting that the possibility of formation of

a tri-vacancy cluster was low. The inability to form a cluster containing three vacancies is attributed
to the excellent irradiation resistance of the CoCrFeMnNi HEA. However, if an extra vacancy is added
to a tri-vacancy cluster (with negative binding energy), the binding energy of the subsequent tetra-
vacancy cluster may become positive. This suggests that it is possible to form vacancy clusters in the
CoCrFeMnNi HEA when high-energy ion or neutron irradiation causes cascade damage.

High-entropy alloys (HEAs) are composed of five or more elements with an equiatomic composition ratio, and
the contribution of their configurational entropy to the Gibbs free energy is large. Therefore, a single-phase solid
solution with a simple crystal structure, such as face-centered cubic (FCC), body-centered cubic (BCC), or hex-
agonal close-packed (HCP) structure, can be easily formed without the formation of intermetallic compounds'.
The FCC single-phase solid solution CoCrFeMnNi equiatomic HEA was reported as the first example of an HEA'.
This HEA has been widely studied, because it is stable alloy with excellent mechanical properties®S.

It has been reported that the CoCrFeMnNi HEA has excellent irradiation resistance®'2. Although the reason
for its good irradiation resistance is unclear, it is considered that the migration barrier of point defects induced
by irradiation increases owing to the atomic-level stresses and local lattice distortions in the CoCrFeMnNi HEA.
Investigation of the dependence of the irradiation dose and irradiation temperature on the microstructural evolu-
tion in the CoCrFeMnNi HEA is very important to determine the reasons for its excellent irradiation resistance.
In addition to irradiation with high-energy particles, plastic deformation also produces point defects. Kiritani
et al. reported that stacking fault tetrahedra (SFTs) with high density, a type of vacancy cluster defect, were formed
during the plastic deformation of FCC metal (Au, Cu, and Ni) thin films at a strain rate of 10°/s-10%/s'*>. Among
the point defects produced in the thin-film sample, the interstitials escape from the sample surface owing to their
low migration energy. Therefore, high-density vacancies remain and form vacancy clusters. Because the stacking
fault energies (SFEs) of FCC metals such as Au, Cu, and Ni (50, 55, and 250 mJ/m?, respectively) are low'?, the
SFET is formed by collapse of the vacancy cluster. Figure 1 shows an example of microstructures of a Cu thin film
deformed at an estimated strain rate of 10/s observed by dark-field weak-beam image of transmission electron
microscopy (TEM) along the [011] direction with an operating diffraction of g=200. The SFTs with an average
size of 1 nm and density of approximately 2 x 10**/m?* were observed, resulting in a vacancy concentration of
2x107*. Zaddach et al. reported that the SFE of CoCrFeMnNi HEA measured using X-ray diffraction and cal-
culated based on first principles was approximately 25 mJ/m?'®, which was lower than that of Ni. If the vacancies
are clustered in the CoCrFeMnNi HEA, SFTs can be easily formed and observable using TEM.

In this study, well-annealed thin ribbon-shaped samples of the CoCrFeMnNi HEA were deformed at high
speed, and its microstructures were observed using TEM. In addition, the microstructural evolution during
annealing was investigated. The experimental results were discussed based on first-principles calculations.
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Figure 1. Stacking fault tetrahedra formed in Cu. The sample was deformed at room temperature with a strain
rate of 10%/s. Dark-field weak-beam TEM observation along [110] direction.

Figure 2. Microstructures in deformed CoCrFeMnNi. The sample was deformed at room temperature at a
strain rate of 10%/s. Dark-field weak-beam TEM images of microstructures along [110] direction before and after
annealing at various temperatures (room temperature to 873 K with increments of 100 K).

Results

Figure 2 shows the dark-field weak-beam TEM images of the microstructures before (the upper-left corner fig-
ure) and after annealing the deformed CoCrFeMnNi HEA samples. After deformation, dislocations and twins
were observed in the thicker central part of the sample. However, as shown in Fig. 1, the migration energy of the
single vacancies in Cu was low (0.7 eV*®) and they could move sufficiently at room temperature to form clusters,
no SFTs (appearing as triangles) were observed on the thinner edges of the samples. Kiritani et al. proposed a
model for vacancy formation during the high-speed heavy plastic deformation of metals. It was suggested that
the vacancies were generated by the parallel shifting of a huge number of small areas of slip. In these small areas,
the adjacent planes of atoms began to shift parallel to each other, and consequently, vacancies were formed'’.
It is thought that this model is applicable to the CoCrFeMnNi HEA. Using molecular dynamics simulation's,
Do et al. reported that the migration energy of a single vacancy in the CoCrFeMnNi HEA was 0.79£0.12 eV,
although there were no reliable experimental data to support this calculation. Based on this result, if the jump
frequency of a vacancy is assumed to be 10'%/s, the vacancy diffusion in 10 min is over 200 nm at 473 K, which
is much longer than the thinner edges of the samples of tens of manometers in size. The surface of the annealed
sample was slightly oxidized by heating; consequently, the dark-field weak-beam images were not clear. However,
no SFTs were observed even after annealing to 873 K. These experimental results showed that the formation of
vacancy clusters was not possible in the CoCrFeMnNi HEA.
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Figure 4. Configurations of the investigated di-vacancy (2A-2C) and tri-vacancy (3A-3C) clusters. The two
elements enclosed within squares and connected by dotted lines in the figures (3A-3C) each indicate the
configuration of the di-vacancy cluster formed first, and the other element (also enclosed within a square)
represents the third vacancy of the tri-vacancy cluster.

Binding energy (eV) | Configuration
(2A) 0.08 Mn +Fe
(2B) 0.39 Mn +Fe
(20) 0.28 Mn+Mn
(3A) -0.35 Mn + Fe + Fe
(3B) —-0.48 Mn +Fe + Co
(3C) -0.36 Mn+Mn+Co

Table 1. Binding energies of di-vacancy and tri-vacancy clusters with different configurations.

Discussion

To understand the experimental results of the high-speed deformation, a simulation of the vacancy cluster
formation in the CoCrFeMnNi HEA was performed using the first-principles energy calculations. Figure 3 sche-
matically shows the site of a perfect crystal with a uniform distribution of elements in the supercell containing
180 atoms. Here, to create the (n + 1) vacancy cluster, only the 1 nn positions with respect to the n cluster were
considered while removing an atom from the cell.

As shown in Fig. 4, a single vacancy is generated by removing a Mn atom in the perfect crystal; subsequently,
the atoms in the Inn positions are selected to form di-vacancy (2A-2C) and tri-vacancy clusters (3A-3C), as
shown in Fig. 3. The lower part of Fig. 4 shows three types of typical tri-vacancy cluster configuration'®. The
two elements enclosed within squares and connected by dotted lines in the figures (3A-3C) each indicate the
configuration of the di-vacancy cluster formed first, and the other element (also enclosed within a square) rep-
resents the third vacancy of the tri-vacancy cluster. All three configurations were investigated for both clusters,
as in the case of Cu®. Table 1 lists the binding energies of the vacancy clusters (N=2, 3) in the CoCrFeMnNi
HEA calculated using the above model. For both kinds of vacancy clusters, the binding energy depended on the
arrangement of the vacancies. The binding energies of the di-vacancy cluster ranged between 0.08 and 0.39 eV,
while those of the tri-vacancy cluster ranged between — 0.48 and — 0.35 eV. The positive binding energy indi-
cated the tendency of the vacancy point defects to form di-vacancy clusters, which is a common phenomenon
in traditional alloys. However, in case of the tri-vacancy clusters, the highly negative binding energies indicated
that these clusters were unstable.

In our previous study on vacancy point defect formation energies?', the binding energy was quite differ-
ent owing to different elemental environments. In this study, we investigated whether changing the vacancy
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Figure 5. Schematic diagram of the 3A tri-vacancy cluster with different atomic vacancy formation sequences.
The two elements enclosed within squares and connected by dotted lines in the figures each indicate the
configuration of the di-vacancy cluster formed first, and the other element (also enclosed within a square)
represents the third vacancy of the tri-vacancy cluster.

Binding energy (eV) Configuration
(1) -0.35 Mn +Fe + Fe
) —0.66 Mn + Fe + Fe
(3) -0.14 Fe+Fe+Mn

Table 2. Binding energies of the 3A tri-vacancy cluster with different atomic vacancy formation sequences.

Figure 6. Schematic diagram of tetra-vacancy cluster composed of a single vacancy and a tri-vacancy with
different atomic vacancy formation sequences. The three elements enclosed within squares and connected by
dotted lines in the figures each indicate the configuration of the tri-vacancy cluster formed first, and the other
element (also enclosed within a square) represents the fourth vacancy of the tetra-vacancy cluster.

Tri-vacancy + single vacancy Binding energy (eV) Configuration
4(A) 2.90 Fe+Ni+Cr+Mn
4 (B) 2.17 Fe+Co+Mn+Mn
4 (C) 2.38 Fe+Fe+Co+Mn

Table 3. Binding energies of the tetra-vacancy cluster composed of a single vacancy and a tri-vacancy with
different atomic vacancy formation sequences.

formation sequence affected the atomic interaction. The binding energy of the 3A tri-vacancy cluster was more
stable than those of the other two, because the vacancies were on the {111} planes of the FCC structure?’. As
shown in Fig. 5 and Table 2, the binding energies of the 3A tri-vacancy cluster with various atomic vacancy forma-
tion sequences were investigated; although there were some fluctuations in the absolute value, it was still negative.

Generally, if the formation of tri-vacancy clusters is not possible, the formation of vacancy clusters contain-
ing more than three vacancies should also be impossible. However, in cascade damage, such as that caused by
high-energy ion or neutron irradiation, vacancy clusters containing more than three vacancies can be formed.
Furthermore, the formation of tetra-vacancy clusters is possible by the following combinations: a tri-vacancy
cluster and a mobile single vacancy, and two mobile di-vacancies. Certainly, the probability of the latter is low.
Therefore, it is important to investigate the binding energy of tetra-vacancy clusters. Figure 6 shows the configura-
tions of the tetra-vacancy cluster in the CoCrFeMnNi HEA that appear to be stable'®. The three elements enclosed
within squares and connected by dotted lines in Fig. 6 each indicate the configuration of the tri-vacancy cluster
formed first, and the other element (also enclosed within a square) represents the fourth vacancy of the tetra-
vacancy cluster. The calculated binding energies are listed in Table 3. All the calculation results were positive. In
addition, the configurations of the tetra-vacancy cluster (Fig. 7) were similar to those formed by two di-vacancies
(Fig. 6). In Fig. 7, the elements connected by the dotted lines represent the configuration of the di-vacancies.
Table 4 summarizes the binding energies, there are tetra-vacancy clusters with a positive binding energy. These
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Figure 7. Schematic diagram of tetra-vacancy composed of two di-vacancies with different atomic vacancy
formation sequences. The elements enclosed within squares and connected by dotted lines represent the
configuration of the di-vacancy cluster formed first.

Two di-vacancy Binding energy (eV) Configuration
4(A) 1.05 Fe+Ni+Cr+Mn
4 (B) -0.33 Fe+Co+Mn+Mn
4 (C) 0.73 Fe+Fe+Co+Mn

Table 4. Binding energies of the tetra-vacancy composed of two di-vacancies with different atomic vacancy
formation sequences.

Ni Cu | CoCrNiFeMn
Di-vacancy 0.054 | 0.04 0.25
Tri-vacancy 0.164 |0.06 | —0.38
Tetra-vacancy 0.18 0.11 1.48

Table 5. Average binding energies (eV) of vacancy clusters Vn (n=2, 3, 4) in Ni, Cu, and CoCrNiFeMn HEA.

results suggest that there are stable tetra-vacancy clusters in the CoCrFeMnNi HEA. In future, it is necessary to
analyze in detail why the tetra-vacancy cluster is stable while the tri-vacancy cluster is unstable. At present, it is
considered that the atomic size of different elements is different in the HEAs. For example, in the CoCrFeMnNi
HEA, Co and Ni are undersized elements, while Cr, Fe, and Mn are oversized elements. The lattice sites in the
HEAs are occupied randomly by the atoms of different elements, and this may introduce the large disturbance
in the lattice structure. The instability of the tri-vacancy clusters is attributed to this lattice distortion. On the
other hand, the tetra-vacancy clusters are stable due to the relaxation of lattice distortion.

To provide a comparison with conventional metals, the binding energies of Vn (n=2, 3, 4) in Ni, Cu with
the same FCC structure were calculated. The average binding energy of Vn (n=2, 3, 4) in the Ni, Cu, and CoCr-
FeMnNi HEA are listed in Table 5. In both Ni and Cu, the binding energies were positive, and increased with
increasing size of the vacancy clusters. These calculation results were consistent with the findings of the growth
of vacancy clusters in metals and alloys. However, it is impossible for the CoCrFeMnNi HEA to have tri-vacancy
clusters. Previous studies'®* have shown that HEAs can significantly improve irradiation resistance. The swelling
of Ni can be effectively reduced by modifying the alloy composition to Ni-based HEAs'. The mean free path
of electrons, phonons, and magnons can be reduced by the multi-chemical species in Ni-based HEAs, leading
to energy dissipation and, consequently, affecting the defect evolution at early stages. Recently, using molecular
dynamics simulations, Lin et al. investigated the generation and evolution of irradiation-induced defects in the
CoCrFeNi HEA but not in the CoCrFeMnNi HEA. They concluded that the delayed damage accumulations in
the CoCrFeNi HEA were attributed to the high defect recombination caused by the following: the enhanced
thermal spike and low thermal conductivity for heat dissipation, and the substantially low binding energies of
interstitial loops in the CoCrFeNi HEA?. However, the irradiation-tolerance mechanisms of Ni-based HEAs
have remained unexplored and unclear owing to the multi-atomic interactions. In this study, the absence of a
tri-vacancy cluster formation in the CoCrFeMnNi HEA can certainly suppress defect accumulation, which is
different from that observed in traditional alloys. Limiting the formation of vacancy clusters in the CoCrFeMnNi
HEA promoted the recombination of interstitials and vacancies formed by irradiation, and reduced the number
of residual defect clusters, leading to the irradiation resistance.

Interstitials and vacancies are generated one by one when the sample undergoes tensile testing. Because there
is no cascade damage, such as that caused by ion or neutron irradiation, it is difficult to form vacancy clusters con-
taining four or more vacancies. Therefore, no vacancy clusters are observed in the CoCrFeMnNi HEA deformed
at a high speed, as shown in Fig. 2. However, Jin et al. reported that voids were observed in the ion-irradiated
CoCrFeMnNi HEA'. This contradictory to the present calculation results; however, in the case of ion irradia-
tion, cascade damage directly forms the vacancy clusters containing four or more vacancies, and these clusters
absorb vacancies to form voids. The simulations of cascade damage in the CoCrFeNi HEA have been carried out
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by Lin et al.?*. They illustrated that the vacancy clusters containing more than three vacancies were formed by
the cascades with primary knock-on (PKA) energies ranging from 10 to 50 keV. These results were in agreement
with the result of this study, in which the tetra-vacancy cluster was found to be stable. Although the formation of
vacancy clusters by the cascade depended on the PKA energy, the vacancy clusters containing more than three
vacancies were about 10% of the surviving single vacancies formed by the cascade. The same calculations are
required for the CoCrFeMnNi HEA. The cascade damages the materials to not only directly produce the large
interstitial and vacancy clusters but also creates more surviving mobile vacancies in the material, because tiny
interstitial clusters with high mobility disappear at the sinks, such as grain boundaries and precipitate surfaces.
Excessive vacancies promote void swelling of the material and degrade the material®®. Under cascade damage
conditions, it was not possible to prevent the further growth of vacancy clusters containing more than three
vacancies, according to the simulation results of the present study. However, the formation of vacancy clusters
containing more than three vacancies from the state of excess vacancy, which were not directly formed by the
cascades, was suppressed. Therefore, the irradiation resistance improves in the CoCrFeMnNi HEA even under
cascade damage conditions such as ion and neutron irradiations.

In summary, the formation of vacancy clusters with respect to irradiation resistance was investigated in the
CoCrFeMnNi HEA by experiments and theoretical calculations based on the first principles. After the high-speed
deformation of the thin ribbon-shaped HEA sample, SFTs were not observed, unlike that in Cu with the same low
SFE. SFTs did not appear even after annealing at 873 K. These results suggest that it is difficult to form vacancy
clusters in the CoCrFeMnNi HEA. The simulation results showed the average binding energy of tri-vacancy
was negative (- 0.44 eV), suggesting that they were unstable; however, there were tetra-vacancy clusters with
positive binding energies. The inability to form tri-vacancy clusters is the main reason for the good irradiation
resistance of the CoCrFeMnNi HEA.

Methods

Alloy fabrication, high-speed deformation experiment and microstructure observation. The
CoCrFeMnNi equiatomic HEA was prepared in a vacuum induction furnace using high-purity (>99.9%) ele-
ments such as Co, Cr, Fe, Mn, and Ni. A rectangular specimen (2 mm x 10 mm x 0.2 mm) was cut out of the
homogenized ingot (in a vacuum at 1473 K for 10 h) and rolled to approximately 50 pm. The rolled sample
was annealed in a vacuum of 10~ Pa at 1273 K for 1 h. Electropolishing was performed using a HCIO, (25%)
and CH;COOH (75%) solution to remove the oxide film formed on the sample surface by annealing. The elec-
tropolishing voltage was 15 V. The ends of this ribbon-shaped sample were held with pliers, and then torn off
swiftly. The length of the thinned region was approximately 1 pm, and the deformation speed (corresponding to
cross-head speed of the tensile testing) was 1 m/s. Therefore, the local strain rate was approximately 10%/s. The
deformed sample was cut to a length of 2 mm and placed in a Cu mesh for TEM observation. Isochronal anneal-
ing experiments promoting the cluster of vacancies in this sample were carried out for 10 min in the temperature
range between room temperature and 873 K, with increments of 100 K. The microstructures were observed by
dark-field weak-beam image of TEM along the [011] direction of the FCC crystal with an operating diffraction
of g=200.

Calculation of vacancy cluster binding energy. The density functional theory (DFT) was used to
establish all models of this study. The calculations were performed using the Vienna ab-initio simulation package
(VASP)?*?’. The generalized gradient approximations (GGAs) parameterized by Perdew, Burke, and Emzerhof
(PBE) were adopted to describe the exchange-correlation function?. The Brillouin zones were sampled using
3x3x2 K-points. The model structures were fully optimized using thresholds of 10~ eV and 0.02 eV/A for the
total energy and force, respectively. The electron wavefunctions for the alloy were expanded in the plane wave
basis up to 400 eV. The preceding parameters were carefully selected through pre-calculation to obtain accurate
results with an optimal set of computational values. The calculations were performed at a constant volume, and
the atomic positions were relaxed using the conjugate gradient algorithm.

Point vacancy formation energies and chemical potentials of the various elements in the CoCrFeMnNi HEA
were calculated in our previous study?!. The formation energy of a cluster containing n vacancies, E'y, is expressed
by the following equation:

E{\j = EBdefect— (Eperfect - up)> (1)

where Egepee and B are the energies with and without vacancies, respectively. p is the chemical potential of
the atom, and p is the type of atom (Co, Cr, Fe, Mn, Fe).
The binding energy E(b) of a cluster with vacancy number n (n=2, 3, 4) is expressed by the following equation:

E®) = E@ + (Eb) - b)), @)

where, Ef(a), Ef(b), and Ef(ab) are the formation energies of a single vacancy, the (n — 1) vacancy, and the n
vacancy clusters, respectively. A positive binding energy indicates attraction between the defects. To create the
(n+1) vacancy cluster, only the first nearest- neighbor (1nn) positions with respect to the n cluster were consid-
ered while removing an atom from the cell.

The CoCrFeMnNi HEA is a 3 x 3 x5 supercell with a total equivalent atomic number of 180. The structural
model and optimization of atomic arrangements were the same as those in our previous study?!, where the super-
cell structure was constructed using a similar atomic environment (SAE) method and an efficient Widom-type
approach?~*!. Figure 3 schematically shows the site of a perfect crystal with a uniform distribution of elements
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in the supercell containing 180 atoms. Here, to create the (n+ 1) vacancy cluster, only the 1 nn positions with
respect to the n cluster were considered while removing an atom from the cell.
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