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Onset of plastic deformation in non-equiatomic fcc CoCrFeMnNi
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Based on molecular dynamics computer simulations, features of the nucleation and evolution of plastic deformation under
high-rate mechanical loading of CoCrFeMnNi high-entropy alloy single crystals with different stoichiometric compositions
were studied. To obtain a thermodynamically equilibrium distribution of chemical elements, the relaxation of samples was
carried out using the Monte Carlo method. Calculations showed that an increase in the fraction of Co and Ni, or a decrease
in the fraction of Cr, Fe, and Mn led to an increase in the Young’s modulus of the alloy. Based on these calculations, two
samples with different stoichiometric compositions were selected and investigated: Co, Cr, Fe, Mn Ni, (Co, Cr, -sample)
and Co, Cr, Fe, Mn, Ni, (Fe, Mn, -sample) with high and low Young’s moduli, respectively. A comparison was also made
with the equiatomic alloy. Regardless of composition, the onset of plasticity in CoCrFeMnNi single crystals is realized through
the formation and growth of intrinsic stacking faults and bands with an hcp lattice. The mechanism for their formation is the
rearrangement of the lattice from fcc to bee and then to an hep structure. Structural and mechanical responses of the samples
differ substantially for different alloy compositions, types and rates of mechanical loading. The nucleation and growth of
stacking faults and hcp-phase layers are suppressed in the Co, Cr, -sample, and consequently, its elastic limit stresses are more
than twice higher than the respective values for the Fe, Mn_ -sample. After the formation of these defects, twinning takes place
under tension in all samples, but it is not observed under compression. The plasticity mechanisms of high-entropy alloys and
fcc nickel are in many respects similar. The obtained results enabled establishing a relationship between the stoichiometric
composition and the atomic mechanisms of plastic deformation of high-entropy alloys under various types of mechanical
loading.
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3apokeHue mIacTn4eckoi fe¢popManyiy B BbICOKOIHTPONUITHBIX
I'lTK cnmaBax CoCrFeMnNi HesKBMaTOMHOTO COCTaBa
IIPU BBICOKOCKOPOCTHOM Harpy>KeHUmn

Kopuyranos A.B."

WucturyT ¢pusuku npounoctn n Marepuanosefenust CO PAH, np. Akagemuuecknit 2/4, Tomck, 634055, Poccust

Ha ocHOBe KOMIIBIOTEPHOTO MOZEMMPOBAHNUA METOJIOM MOJIEKY/IAPHOI AIMHAMMKI UCCTIEOBAHBI 0COOEHHOCTI 3apOXKIEHMA
U pasBUTHA IUIACTHYECKON JedopManuy Ipy BBICOKOCKOPOCTHOM MeXaHIYeCKOM Harpy>KeHIUU MOHOKPMCTAJIIOB BBICOKO-
suTponuiiHoro cmwraBa CoCrFeMnNi ¢ pasnyHbIM CTeXMOMETPUYECKUM COCTaBOM. YTOOBI IIOTYYNUTh TEPMOAMHAMUYECKA
PaBHOBECHOE pacIIpefie/ieHNie XMMIYECKNX 37IEMeHTOB, pelaKkcanusa o6pasioB IIPOBOAMIACH C VICTIONb30BAHMEM MeETOfla
MomnTte-Kapro. Pacuersr mokasany, uro yBenndenue gomt Co n Ni wm ymenpienne gonu Cr, Fe 1 Mn npuBoguT K yBenm-
geHnto Mopyna IOHra crimaBa. Ha ocHOBe 3Tux pacyeToB ObIIM BEIOpAHBI U MCCTEOBAHBI IBa 06pasIia pasmIIHOTO CTEXIO-
metpuyeckoro cocrasa: Co, Cr, Fe, Mn Ni, (Co, Cr, -o6pasen) u Co, Cr Fe, Mn, Ni, (Fe, Mn, -o6paselr), ¢ BBICOKMM
u Hn3knM MopyneM IOHra, cooTBeTcTBeHHO. Takke OBIIO MPOBEEHO CPaBHEHNE C SKBMATOMHBIM cITaBoM. HesaBucumo
OT COCTaBa 3apOoXK/eHMe ITacTHIHOCTY B MOHOKpucTammax CoCrFeMnNi peanusyeTcs mocpescTBoM 06pa3oBaHus 1 POCTa
IedeKToB yrnakoBKyM BerumtanuA u nonoc ¢ ITIY pemerkoit. MexaHn3MoM UX GpOpMUPOBAaHNUA ABJIAETCA IIePeCcTpOiKa pe-
metky u3 ['TJK B OIIK u 3arem B I'TIY cTpykTypy. CTPyKTYPHBIN ¥ MEXaHMIECKUIT OTKIMK 0OPasIoB CyIeCTBEHHO pas-
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JMYaeTcs /I PasHBIX COCTABOB CIIaBa, TUIIOB M CKOPOCTell MeXaHMYeCKOI HarpysKi. 3apokfieHue 11 pocT fiepeKToB yra-
xoBku 1 ipocoek I'TTY daspr monasnenst 8 Co, Cr, -06pasiie, BCIACTBUE YeTO HATPsDKEHNs MPefiefia yIpyrocTi B HeM
6ornee yeM B Ba pasa Gonblie sHauenuit s Fe, Mn, -o6pasia. Bo Bcex o6pasiax mocie o6pasosanus stux jedekron
IIpY PaCTsDKEHUY IPOUCXOANUT ABOJHMKOBaHue. [1pu cxxatyun ero He HabmogaeTcsa. Mexanusmbl wactTuarocty BOC u 'K
HUKeJA BO MHOTOM cX0xM1. [To/rydeHHbIe pe3ynbTaThl IO3BOIMIN YCTAHOBUTD CBA3b MEXY CTEXMOMETPMYECKIM COCTaBOM
¥ aTOMHBIMJ MeXaHM3MaMI IUTaCTIYeCcKoil e opMaIiyi BBICOKOSHTPOIUITHBIX CIUIABOB IIPM Pas/IMYHbIX BUJAX MeXaH/Je-

CKOT'O Harpy>XeHm=.

KnroueBbie cmoBa: BbICOKOSHTpOHMﬁ[HbIe CII/TaBBI, CTeXI/IOMeTpI/I‘IeCKI/[ﬁ COCTaB, IVTaCTUYECKasA I[e(i)OpMaIU/IH, MOJIEKY/IApHAA AUHAMMKa,

HedeKThI YIIaKOBKI.

1. Introduction

Study of the structure and behavior of high-entropy alloys
(HEAs) under thermal and mechanical actions is one of
the most relevant topics of modern materials science [1],
which is conditioned by their extraordinary physical and
mechanical properties, in contrast to conventional alloys.
For example, CoCrFeMnNi alloys are characterized by
a high strength, ductility and crack resistance [2]. The
Co, .CrFeNi, .Ti Mo, alloy has a high corrosion resistance
and in terms of wear resistance is superior to conventional
steels with a similar hardness [3].

Most often, HEAs with an equiatomic composition are
investigated, because it is considered that they should be more
thermodynamically stable due to the maximum configuration
entropy [4]. At the same time, HEAs with a non-equiatomic
composition also remain stable and often have even better
properties [5]. Therefore, finding new stoichiometric
compositions of HEAs is a topical task of materials science [6].
Alongside with labor-intensive and expensive experimental
studies, computer simulation is an efficient tool which
enables generating and processing quickly large amounts of
information, and also determining the material’s chemical
composition corresponding to the required properties. For
instance, on the basis of thermodynamic calculations in [7]
over 130000 multi-component systems with potentially good
mechanical properties were proposed.

At present, studies are actively conducted to reveal
the mechanisms governing the behavior of HEAs under
mechanical loads [8]. For example, the high strength of HEAs
is attributed to the effects of solid-solution strengthening
[9-10]. It was shown in [11] that the pinning of dislocations
due to a severe distortion of the crystal lattice is the principal
mechanism of plastic deformation for the AICrFeCuNi,
alloy. In [12], on the basis of molecular-dynamics and first-
principles calculations, specific atomic rearrangements
were discovered during the compression of AlCrCoFeNi
crystallites, leading to chemical disordering and a reduction
in the element segregation degree.

Today, the CoCrFeMnNi HEA is characterized by high
physical and mechanical properties and has a great potential
for their improvement [13-15]. The atomic mechanisms of
the plastic deformation of this alloy, as well as the stoichio-
metric composition’s effect on them, still remain unclarified
to a large extent. To solve this task, the most effective way
is computer simulation based on the method of molecular
dynamics (MD). This method explicitly takes into account
the material’s atomic structure and enables studying the
dynamics of structural transformations occurring therein

under various types of external action [16,17]. Therefore,
the aim of the present study is to reveal the effect of the
stoichiometric composition on the atomic mechanisms
of plastic deformation of the CoCrFeMnNi HEA in the
framework of MD simulation.

2. Simulation procedure

The calculations were made in the LAMMPS software [18].
To describe the interatomic interaction in CoCrFeMnNj,
many-body potentials [19,20] built in the framework of a
modified embedded-atom method, taking into account the
second nearest neighbors, were used. The applicability of
the used interatomic potentials for the description of the
properties of the HEA under study was substantiated in the
paper [21] on the basis of the comparison between the MD
simulation data, ab-initio calculations and experimental data.

During the relaxation of the samples, the MD method
and the Monte Carlo method (the Metropolis algorithm)
were used jointly in the calculations. In the framework of
this approach, randomly selected atoms of various types
exchange places (Monte Carlo steps) with a probability of
p=min{l, exp [-fAU]}, where AU is the change in the total
energy of the system in the permutation, 3 is the temperature
parameter, and the relaxation of the material’s structure is
done in the framework of the MD method [22].

The initial distribution of chemical elements in the
samples was set randomly. The fraction of each element
assumes values of 10, 20 or 30%. The samples had the shape
of a cube having a side of 10 parameters of the fcc lattice. The
edges were oriented in the <100> directions, and along them
periodic boundary conditions were used. The temperature
of the samples was 300 K, and the pressure was zero. The
integration step for the MD calculations was 0.1 fs. After each
80 Monte Carlo steps, a calculation of 20000 MD steps was
made. The calculations were stopped as soon as the energy
of the system ceased to decrease by more than 0.01% of the
initial value, which corresponds to ~0.004 eV/atom. Young’s
modulus was calculated during the tension of the samples
along one of the <100> directions with a rate of 10° s7'.
Along the other two directions, the sample dimensions were
changed so that the respective stress components were equal
to zero.

For a detailed study of the atomic mechanisms of plastic
deformation, we selected the stoichiometric compositions
Co, Cr Fe, Mn Ni, and Co,Cr, Fe, Mn Ni ~ having
Young’s moduli of 81 GPa and 103 GPa, respectively. The
samples of such compositions will be further referred to as
the Fe, Mn, -sample and the Co, Cr, -sample, respectively. In
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addition, an equiatomic HEA and a Ni sample were examined.
We generated 5 samples of each composition, with different
initial element distributions for each composition. All of the
crystallites had sizes of 10x 10 x 10 nm, and their edges were
oriented along the directions [110], [110] and [001]. Tension
and compression were performed along the [110] direction.
The rest of the conditions coincided with those described
above.

Identification of the local type of the crystal lattice was
conducted on the basis of the algorithm determining the
symmetry of the nearest-neighbor environment of each
atom — Common Neighbor Analysis (CNA) [23]. According
to the CNA, an intrinsic stacking fault (SF) in the fcc lattice is
defined as two layers of atoms with an hcp symmetry of the
nearest-neighbor environment.

3. Simulation results

The mechanical response of crystallites differs significantly
for the considered stoichiometric compositions, loading types
and rates. Primarily, this is manifested in the stress values o
and the fraction of atoms with a nearest-neighbor symmetry
different from the fcc lattice. These quantities versus strain
¢ are shown in Fig. 1. The curves o(e) deviate from a linear
dependence at a strain of about 0.01 -0.02, which is related
to the growth of the fraction of atoms with bcc and undefined
symmetries of the nearest-neighbor environment (Fig. 1).
These rearrangements involve, to a greater extent, the atoms
of Fe, Mn and Ni in the Co, Cr, -sample, and the Cr atoms
in the Fe, Mn_ -sample. They take place not in separately
located atoms, but in such regions where the local fraction
of atoms of this type is above their average fraction in the
whole sample. As the elastic limit is reached, it is in these
regions partial dislocations and intrinsic SFs nucleate, i.e.
the fraction of atoms with an hcp symmetry of the nearest-
neighbor environment increases. A decrease in é from 10° to
5x10® s7! can considerably change the structural response
of crystallites. As ¢ further decreases to 10% s7', it does not
change qualitatively.

3.1. Tension

For the Fe, Mn, -sample, depending on a specific distribution
of chemical elementsinthe sample, either one SF maynucleate,
transforming into a twin at é=10°-10°s™', or simultaneously
two SFs may nucleate in the non-parallel planes (111) and
(111) até=10°s"". The o—¢ curve for the first case is displayed
in Fig. 1a, and the structure of the Fe, Mn, -sample is shown
in Fig. S1 (supplementary material). Upon the first stress
unloading at £€=0.068, the SF intersects itself through the
sample’s periodic boundaries, but only in one plane — (111)
(Fig. Sla,b). After that, the quantity of the hcp atoms does
not change. Under further loading, o grows significantly and
falls at £ =0.096: an extrinsic SF has started to grow (Fig. S1c).
When dislocations meet again at ¢=0.14, o starts to grow
again (Fig. S1d). At £=0.156 dislocations start to move and
a twin forms with a thickness of 4 atomic layers (Fig. Sle).
The o—¢ curves and faults have a similar behavior in the case
of the Fe, Mn, -sample at £=10° s™ and in the case of the
Co, Cr,-sample at é=10°s7".

At £=10° 57, a single SF did not nucleate in any of the
5 calculations for the Co, Cr, -sample. This is related to the
fact that in that sample the elastic limit stresses are more than
twice higher than in the Fe, Mn, -sample and are sufficient
for the nucleation of plasticity in two planes at once — (111)
and (1T1). A description of the structural rearrangements
taking place at €=10° s™ in the Fe, Mn, -sample and the
Co, Cr, -sample, where not a single SE but several SFs
nucleate at once, is given in the supplementary material
(Figs. S2—S5).

3.2. Compression

In contrast to tension, the variation of ¢ under compression
does not lead to any considerable differences in the system
of defects.

As the elastic limit is reached in the Fe, Mn, -sample
(Fig. 1b), alternating layers with bcc and undefined structures
form. SFs nucleate in them, and after intersection the SFs
form bands with an hcp lattice, their thickness being 3-4
atomic planes (Fig. S6a). Due to shears in the (111) bands
(Fig. S6b) a substantial drop in o occurs. Further motion of
dislocations starts in all the hcp bands and leads to a decrease
in their length and thickness (Fig. S6¢) — the quantity of
hcp atoms decreases and o declines significantly (Fig. 1b).
At £=0.15 the hcp bands transform into SFs, whereas in a
range of €=0.18-0.20 a system of SFs forms in the sample
in the (I11) planes. A description of the response of the
Fe, Mn, -sample at £=10° s™' is given in the supplementary
material (Figs. 57, 8).

During the compression of the Co30Cr30-sample at
€=10° s7', as the elastic limit is reached, o decreases almost
4-fold and then practically does not vary with increasing
strain (Fig. 1c). By €=0.09 there has formed a small rhomb-
shaped region of intersection of SFs and hcp bands, which
borders with a single (111) SE intersecting the whole
sample (Fig. S9b). By £=0.105 this SF has split in two, and
by €=0.117 these SFs have disappeared (Fig. S9¢,d). The
further structural response of the sample is determined by
the alternating emission and absorption of SFs in the (111)
and (111) planes (Fig. S9e -1i). Corresponding to this are the
growth and fall regions of the curve showing the quantity
of the hcp atoms in Fig. 1c. As € is increased to 10° s™', no
significant differences from the response at é=10% s™' are
observed for the Co, Cr, -sample (Figs. S10,11).

4, Discussion

The differences in the response of the samples subjected to
deformation are related to the following. Calculations made
for small samples with different stoichiometric compositions
show that an increase in the fraction of Co and Ni and a
respective decrease in the fraction of Cr, Fe and Mn leads
to an increase in the Young’s modulus of the alloy. This is in
agreement with the paper [9] where the effect of the solid-
solution strengthening of the Co Fe_, Cr, Ni,  HEA with Co
with decreasing Fe content was discovered. The total fraction
of Co, Ni and Cr is the same in both samples, while the
content of Fe and Mn is 20% higher in the Fe, Mn_ -sample,
therefore it has a lower strength. The fact that the structural
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Fig. 1. Stress along the [110] direction (left axes) and the fraction of bce, hep and undefined atoms versus strain (right axes) for the tension of
the Fe, Mn, -sample and the Co, Cr, -sample (a) and for the compression of the Fe, Mn, -sample and the Co, Cr, -sample (b,c) for different
values of ¢.
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rearrangements governing the nucleation of SFs involve
primarily the atoms of Fe, Mn and Ni in the Co, Cr, -sample
and the Cr atoms in the Fe, Mn, -sample, is accounted for
by a stronger interaction of atoms in the Co, Cr, -sample
in the pairs Co-Fe, Ni-Mn and Ni-Fe than in the others. In
the Fe, Mn, -sample the strongest interaction is between the
Cr atoms. This is reflected in the fact that the first peaks of
the radial distribution functions for these pairs are much
higher than the first peaks for the other pairs of elements,
see Fig. S12 (supplementary material).

Since ¢ in the MD calculations is much higher than the
experimental rates of tension/compression, the obtained
results are in good agreement with the experiments and
simulation of the shock loading of metals [24]. They note a
high density of SFs and twins in nickel after the passing of a
shock wave. The comparison of the data from the loading of
the HEA and Ni in that paper does not reveal any significant
differences, except for the fact that the nucleation of plasticity
in the HEA occurs sooner, which is related to a strong
distortion of the lattice due to the multiplicity of components
of the HEA [21]. In addition, during compression the
quantity and area of SFs is much smaller in Ni than in the
HEA samples, which is associated with its high SF energy.

The obtained results are also in agreement with the
data from the low-rate loading of the HEA, but in their
comparison it is necessary to take into account the high-
strain-rate character of plasticity in the simulated material.
The formation of wide bands with an hcp lattice is related to
the fact that the potential shows a higher stability of the hcp
phase as compared to the fcc one. This was also established
for the equiatomic alloy in MD [21] and ab-initio calculations
[25]. In the paper [14] it was demonstrated that the SFs in
the Fe,, . Mn, Co, Cr, C, . alloy are the nucleation sites of the
hcp phase whose fraction reaches 36% at the stage of necking
during tension. In the FeCoCrMnC alloy the fcc-hcp phase
transition was also revealed [26].

The response of the equiatomic sample to tension is
similar to the response of the Fe, Mn, -sample at the examined
¢ (Figs. S13,14) because the equiatomic sample and the
Fe, Mn, -sample have similar Young’s moduli (81 and 86 GPa)
which are lower than that of the Co, Cr, -sample (103 GPa).
The response of the equiatomic sample to compression is
closer to that of the Co, Cr,-sample (Figs. S15,16), since
they both have high bulk moduli (183 and 239 GPa), while
the Fe, Mn_ -sample has one of the lowest bulk moduli
(160 GPa). The results of the loading simulation of the
equiatomic sample correspond qualitatively to the results of
the quasi-static tension of the equiatomic alloy nanowire at
0 K reported in [21]: first, intrinsic SFs nucleate and grow,
then twinning takes place. The quantitative differences are
conditioned by the zero temperature and the presence of the
free surface of the sample in [21], which promote twinning.
The simulation results are also confirmed by the experimental
and theoretical studies [27] where a single crystal of the
equiatomic alloy is compressed along the [591] direction.
The primary shear took place in the same {111} planes, but by
means of the 1/2<110> dislocations, then twinning occurred
in the sample. This difference in the type of dislocations is
associated with the orientation of the samples with respect to
the loading direction and the presence of free surface.

5. Conclusion

Irrespective of the stoichiometric composition, during the
high-rate compression or tension the plasticity in the single
crystals of the CoCrFeMnNi HEA nucleates through the
formation of intrinsic SFs. Their generation is preceded by
fcc-bee-hep local structural rearrangements in the vicinity of
the atoms of Fe, Mn, Ni or Cr in the Co, Cr, -sample or the
Fe, Mn, -sample, respectively. This is related to the strongest
interaction between the mentioned elements, which follows
from the corresponding radial distribution functions.

It has been shown that the structural and mechanical
response of the alloys during deformation is to a large extent
determined by their stoichiometric composition, loading
type and rate. In the examined HEAs, twinning occurs during
tension after the formation of a network of intersecting SFs
and bands with an hcp lattice. It is not observed during
compression. The elastic limit stresses of the Co, Cr, -sample
during tension and compression are more than twice higher
than the respective values for the Fe, Mn_ -sample. SFs and
the hcp phase layers in the Fe, Mn, -sample nucleate and
grow more intensively than in the Co, Cr, -sample.

Ithasbeen shown thatastheloading rateé decreases from
5x10% s7! to 10® s7', the material’s response stops varying.
During tension at ¢ =10%s™' in the HEA a SF nucleates, then
transforming into a twin. This may take place also at 10° s™*
in the Fe, Mn, -sample and in the equiatomic sample. A
totally different defect structure forms during tension at
£€=10°s7": several intersecting SFs nucleate. Further loading
leads to the fragmentation of the Fe, Mn, -sample with
the formation of grain boundaries perpendicular to the
tension direction. In the Co, Cr, -sample there forms a
twin intersecting the SFs lying transversely. The response
of the Co, Cr,-sample during compression practically
does not depend on é: there form regions of intersection
of SFs which alternately emit and absorb SFs. In the
Fe, Mn, -sample during compression at é=10°-10° s~
there forms a system of intersecting hcp bands. At 10° s™*
they transform into SFs and remain in the parallel planes.
At 10° s7! in the sites of bands intersection there form hcp
regions with an unfavorable orientation for slip, and they
become disordered in the process of loading.

The differences in the response of the samples are
related to the fact that the variation of the fraction of each
element has a different effect on the physico-mechanical
properties of HEAs. An increase in the fraction of Co and
Ni and a respective decrease in the fraction of Cr, Fe and
Mn leads to an increase in the Young’s modulus of the alloy.
The fraction of Ni and the ratio between the fractions of
Co and Cr are the same in both samples and they do not
change the modulus, whereas the content of Fe and Mn is
20% higher in the Fe, Mn_ -sample, therefore it has a lower
strength. In addition, both Co and Cr increase the alloy’s
bulk modulus.

The results from the loading of HEAs and Ni do not
differ qualitatively, which indicates the common deformation
mechanisms of multi-component fcc HEAs and metals.
The response of the equiatomic sample during tension and
compression is similar to the response of the Fe, Mn, -sample
and the Co, Cr, -sample, respectively, due to its close values
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of Young’s modulus and bulk modulus to the values of the
Fe, Mn, -sample and the Co, Cr, -sample, respectively.

The presented simulation results from the high-rate

loading of HEAs and Ni are in agreement with the shock
loading calculations and experiments, as well as low-rate
deformation, and expose the atomic mechanisms of plasticity
of HEAs.
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