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SOLID BODIES AND LIQUIDS
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Abstract. Classical molecular dynamics simulation for a number of single crystals of FeNiCrCoCu sys-
tem showed that with increasing entropy of mixing the average formation enthalpy of interstitial defects
and their shear susceptibility decreases monotonically. For interstitial defects in crystals and defect sub-
systems of glasses of the same composition, has been established that the average deviator components
of dipole tensors decrease with increasing entropy of mixing, and the decrease occurs more strongly
in the high-entropy region. All this may indicate the presence of a correlation between mixing entropy
and properties of the defect subsystem of crystalline and glassy states.
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1. INTRODUCTION

Entropy is the most important thermodynamic
potential characterizing the glassy state. This is pri-
marily due to the use of alloys with high glass-form-
ing capacity [1-5]. Interest in the entropy of glasses
has increased significantly in the last two decades
due to intensive research on high-entropy alloys
(HEA) [6-10]. The widespread definition of the con-
cept of “high-entropy alloy” is based on the calcula-
tion of the entropy of mixing

S, = —RZ¢; ln(cl.>,
where ¢; is the atomic concentrations of the alloy
components, R is the gas constant [7, 10]. Alloys
for which §, . >1.5. are considered to be highly
entropic.

Crystalline HEA usually have a faceted cubic,
hexagonal, or volume-centered cubic lattice [11-14].
HEA have specific mechanical, transport, elec-
trical and magnetic properties [11, 15-17], their
thermal properties are extremely sensitive to small
changes in the entropy of laughter [18]. For ex-
ample, a change in §, . by a value of 0.02R leads

to a significant (1.5-2-fold) change in the width
of the supercooled liquid region and the melting in-
terval [18]. The magnetic and magnetocaloric prop-
erties of high-entropy glasses of the GdScCoNiAl
system are also very sensitive to changes in the en-
tropy of mixing. In particular, a small change in
S, leads to a significant change in magnetization,
cell temperature, and magnetic entropy [18]. Thus,
an important task is to clarify the role of entropy
in the formation of HEA properties in crystalline
and glassy states.

The main structural property of the glassy state
is the presence of local ico-saedric symmetry [19-
23]. At the same time, there are nanoscale regions
in the stack that differ, in comparison with the
surrounding amorphous matrix, in excess energy,
reduced resistance to shear rearrangements and
low-frequency features of the spectrum of vibra-
tional density of states. Such areas are called glassy
defects. Modern ideas about the structure and origin
of defects in glasses are extremely diverse and widely
discussed. For example, defects in glass are called
free volume [24], shear transformation areas [25],
flow defects [26], liquid-like areas [27], dynamic
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inhomogeneities [28], areas of nonaffine displace-
ments [29], string-like solitons [30], quasi-point de-
fects [31], elastic dipoles [32].

The model of elastic dipoles seems attractive to us,
as it allows us to compare the characteristics of de-
fects in glass and the corresponding parent crystal,
where these are interstitial defects in the dumbbell
configuration [33], as well as to build a hypothesis
about the origin of defects in glass. For example,
in [34] a mechanism was proposed for the formation
of an amorphous matrix and defects in amorphous
aluminum based on the clustering of interstitial
dumbbells arising during the melting of the crystal.
As shown by the model calculation of the entropy
of the formation of interstitial defects in aluminum,
more than half of the excess entropy of the glassy
state (the difference in the entropy of glass and
the corresponding parent crystal) can be formed
already at the melting stage due to the generation
of interstitial dumbbells [35].

Based on the above, it can be assumed that a more
detailed study of the subsystem of defects will
be useful for understanding the properties of glass-
es, including high-entropy ones. The purpose of this
work was to calculate the characteristics of defects
in the crystalline and glassy states and to establish
the correlation of these characteristics with the en-
tropy of mixing S, . . We are not aware of any sim-
ilar studies.

2. SIMULATION TECHNIQUE

Alloys of the FeENiCrCoCu system were chosen
for the study, since in the region of high-energy
states (i.e. at §, .. > 1.5) the crystals of this system
have a stable single-phase structure in the form
of a deformed FCC lattice, which facilitates the
calculation of elastic modulus. Calculations using
the methods of classical molecular dynamics and
statics were performed in the LAMMPS pack-
age [36] with an interatomic potential from the
work [37]. We have previously used this potential
to calculate the characteristics of defects in crys-
tal Fe,,Ni,,Cr,,Co,,Cu,, [38] and identify defects
in glass of the same composition [33].

The composition of the model system varied
as follows. The iron content increased in increments
of 4 at.%, starting from the most highly entropic
state with an equal content of components, and the
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content of all other components decreased by 1 at.%,
respectively.

The initial crystal states were obtained by gener-
ating FCC lattices with a size of 4000 atoms (i.e.
10 x 10 x 10 translations) with a random arrangement
of atoms of different elements in appropriate propor-
tions. The glassy states were created by quenching
the melt from 7" = 3000 K to zero temperature with

a cooling rate of 5- 10" K/s.

The enthalpy of formation H . of interstitial de-
fects was calculated using the formula

N =1

Hf - Hre/ B HimT’

where H, ; is the enthalpy of the ideal lattice, H,,
is the enthalpy of the system after the introduction
of the defect and the relaxation of the structure. In-
terstitial defects in the dumbbell configuration were
introduced into the system at 7 = 0 K with sub-
sequent relaxation of the structure by the method
of combined gradients.

The shear modulus was calculated at zero tem-
perature as the ratio of the change in mechanical
stresses to the corresponding small deformations
of the model system. The shear susceptibility of the
interstitial dumbbells in f was calculated using the
le Granato shape [39]

G/ Gpeif = exp(—Bc),

where G verf and G are the shear modules of a defect—
free crystal and a crystal containing interstitial de-
fects of a dumbbell configuration in concentration c,
respectively.

The vibrational density of states (VDOS) spectra
were calculated as the square of the Fourier trans-
form module of the auto correlation function of ve-
locity. At the same time, averaging of 100 vibrational
spectra of VDOS was performed for each configura-
tion of the model system.

The dipole tensor P; of elastic dipoles (interstitial
defects) is defined as the derivative of the mechanical
stress tensor 6, in terms of the number of n defects
per unit volume at a constant strain value € [40]:
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Fig. 1. Shear modulus of single crystals and glasses of the
FeNiCrCoCu system (left scale) and entropy of mixing (right scale)
depending on the concentration of iron in the alloy

In a computer model, the dipole tensors of defects
can be calculated using an approximate formula [32,
33]

N+n, N int
i
Gij Gij /n s

(@)

where N is the number of atoms in an ideal crystal
lattice, n™ is the number of interstitial defects,
is the volume of the model system.

In the case of glass, for which there is no general-
ly accepted correct definition of a defect-free state,
a dipole tensor was assigned to each atom of the
model system

©)

where ijy and Gly ~1 are stress tensors before and

after the removal of this atom [33]. Before the re-
moval, the structure was optimized with a change
in the volume of the model system. After removal,
the structure was optimized without changing the
volume, while maintaining € = const, as required
by the formula.

The calculated tensors Pl.j were reduced
to a diagonal form and represented as the sum of the

spherical and deviatory components:

1 1
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The concentrations of defects in the glasses were
estimated in two ways. The concentration of ¢ , Was
calculated on the basis of the interstitial theory [39]
using the formula

1. G
B Gcryst
where Gglass and Gcryst are the shear modules of the

glass and the corresponding parent crystal. The
concentration of c¢,was calculated based on the anal-
ysis of the distribution of the maximum deviatory
components of the dipole tensors of all glass atoms
(described in more detail in the next section).

3. SIMULATION RESULTS AND
DISCUSSION

Figure 1 shows the dependence of the shear
modulus G of crystals and glasses on the concen-
tration of iron in the alloy. The same figure shows
the change in the mixing energy of S, . with vary-
ing chemical composition. It can be seen that with
a change in the chemical composition, the shear
modulus of crystals decreases monotonously, with
large values of the shear modulus being observed
in the region of higher values. The glass shear modu-
lus does not change so much, but on average it grows
monotonously with increasing iron concentration.

Within the framework of the considered scheme
of varying compositions, each alloy unique-
ly corresponds to a certain value of the entropy
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Fig. 2. The shear susceptibility of interstitial defects in single crys-
tals of the FeNiCrCoCu system (left scale) and the average enthal-
py of formation of interstitial defects (right scale) depending on the
entropy of mixing
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Fig. 3. Distribution of maximum deviatory components of dipole
tensors of atoms in glass Fe,4NijgCrygCo;9Cuyg
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Fig. 4. Vibrational density spectra of Fe,4Ni;¢Cr;qCo;9Cu,q glass
and its defect subsystems

Fig. 5. Visualization of a part of the subsystem of defects with Vor-
onoi indices (0,1,10,2) and (0,2,8,2) and their immediate environ-
ment in glass Fe,(NiyCryyCo,Cu,

of mixing §, . . Therefore, it is possible to consid-
er the dependence of various defect characteris-
tics on the entropy of mixing as an independent
parameter.

Figure 2 shows the dependence of the average
enthalpy of formation of interstitial defects (H ;)
on the entropy of mixing. It can be seen that in all
cases the value (H ;) is quite high in comparison
with that for individual components [41], i.e. alloys
of the FeNiCrCoCu systems can have good radia-
tion resistance. At the same time, a more intensive
change in the enthalpy of formation of interstitial
defects occurs in the range of high-energy states (at
S, > 1.5), this region is divided by a rectangle.

m

The same Figure 2 shows the dependence of the
shift susceptibility of interstitial defects 3 [39] on the
entropy of mixing. It can be seen that the growth
of §,,. leads to a monotonous change in shear
susceptibility, which is an inter-lateral character-
istic of interstitial defects. As in the case of (H ),
a stronger change in B occurs in the high-entropy
region.

As mentioned above, structural defects in the
glassy and crystalline states have a common micro-
scopic nature — they are elastic dipoles. Therefore,
it can be assumed that the value of §, .= will cor-
relate with the properties of the subsystem of defects
in glasses. The allocation of the subsystem of defects
in glasses was carried out according to the scheme
that was proposed by us in [33]. According to this
scheme, the defect subsystem is formed by atoms
in which the deviatory components of dipole ten-
sors exceed the average value by 2.5 times. Figure
3 shows, for example, the distribution of the max-
imum deviatory components of the dipole tensors
of atoms in glass Fe,,Ni ¢Cr;oCo yCu 4. As in [33],
this distribution has a form close to the lognormal
distribution (shown by a solid curve).

As an indirect confirmation of the hypothe-
sis that based on the analysis of dipole tensors can
be identified, Fig. 4 shows the vibrational densities
of the glass Fe,, Ni;Cr;Co,yCu,4 and its defective
subsystem. It can be seen that peaks characteristic
of interstitial defects in crystals and defects in glass-
es are observed in the low frequency range (about
2 THz) [42-44].

Figure 5 shows, as an example, visualization using
the OVITO program [45] of the distribution of atoms
(and their nearest neighbors) forming part of the
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Fig. 6. Defect concentrations in glasses of the FeNiCrCoCu, sys-
tem, calculated based on the analysis of deviatory components of di-
pole tensors [33], as well as on the basis of interstitial theory [39]

subsystem of defects in glass Fe,, Ni, Cr,,Co,,Cu,,
whose Voronoi indices are (0,1,10,2) and (0,2,8,2).
It can be seen that the configuration of the de-
fect subsystem is heterogeneous in the atomic
environment.

Figure 6 shows a comparison of estimates of the
concentration of defects ¢, and ¢, in glasses calcu-
lated on the basis of interstitial theory and from the
analysis of distributions of deviatory components
of dipole tensors, respectively. It can be seen that
the values of the defect concentration in both cas-
es are quite reasonable and are in good agreement,
especially in the highly entropic region (highlighted
by a rectangle).

As a structural characteristic of the studied
systems, we used the distribution of Voronoi polyhe-
dra, which are uniquely determined by a set of four
indices (ny,n,,ns,n,). Figure 7 shows the relative
number of the most common Voronoi polyhedral
from entropy of mixing.

The number of corresponding polyhedra in the
Fe,,Ni,,Cr,,Co,,Cu,, system with the highest
mixing entropy is taken as one. The same figure
separately shows the relative number of icosahedral
clusters with Voronoi indices (0,0,12,0), which are
of particular interest [20, 46].

Voronoi polyhedra with indices (0,1,10,2) and
(0,2,8,2) are the most common among defects, their

total concentration in glass is Fe,,Ni,,Cr,;Co,,Cu,,
about 0.6%. In turn, polyhedra with indices
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Fig. 8. Normalized average values of deviatory components
of dipole tensors of defects in single crystals and glasses of the
FeNiCrCoCu depending on the entropy of mixing.

(0,3,6,3), (0,3,6,4) and (0,4,4,6) can be attributed
to an amorphous matrix, since their total concentra-
tion in the most highly entropic glass is about 32%.

The concentration of icosahedral clusters in the
same glass is about 0.5%. At the same time, the
core of the icosahedral cluster consists of 13 atoms.
If we add to them the atoms located in the first
coordination sphere of the atoms of the nucleus,
then the volume of the icosahedral cluster is about
45 atomic volumes. Next, we can estimate the vol-
ume fraction of these clusters (based on the 5%
concentration of internodes, see Fig. 6), it turns out
to be about 35%, which looks quite reasonable.
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Figure 7 shows that, as in the case of shift sus-
ceptibility, a more dramatic change in the number
of Voronoi polyhedra corresponding to defects and
icosahedral clusters occurs in a highly entropic re-
gion highlighted by a rectangle.

Interstitial defects are elastic dipoles, and the
magnitude of the deviatory components of the di-
pole tensors of elastic dipoles directly determines
the degree of their interaction with the shear
stress field. As was previously shown in [33] for
Fe,,Ni,Cr,,Co,,Cu,, glass, the axes of elastic di-
poles rotate during shear deformation of the mod-
el system. At the same time, the greatest angles
of rotation are observed precisely in the area of the
defect subsystem.

Figure 8 shows the dependences of the normal-
ized average deviatory components of dipole tensors
on the entropy of mixing for defects in monocrystals
and glasses. The normalization was done for the val-
ues of the corresponding quantities in the state with
the highest entropy of mixing (i.e., with equal con-
centrations of all components). It can be seen that
with the growth of S, . both values decrease. As for
the previous defect characteristics, a more intensive
reduction occurs in the high-entropy area highlight-
ed by a rectangle.

A decrease in the average values of the deviatory
components of dipole tensors may be a consequence
of a decrease in the average enthalpy of defect
formation, which contributes to the formation
of a greater number of defects and a greater degree
of their clustering. At the same time, clustering
of defects of the interstitial type leads to a decrease
in deviant components, which approach the values
characteristic of an amorphous matrix [33].

4. CONCLUSION

For 16 metal alloys of the FeNiCrCoCu system,
differing in the entropy of mixing, the average en-
thalpies of the formation of interstitial defects in the
crystal, their shear susceptibilities and deviatory
components of the dipolar tensors were calculat-
ed. It has been found that with an increase in the
entropy of mixing, these characteristics decrease
monotonously, while the decrease in the region
of highly entropic states occurs faster.

For glasses of the same composition, the average
deviatory components of the dipole tensors of the
defect subsystem were calculated. It was found that
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with increasing entropy of mixing, these compo-
nents, as in the crystal, decrease monotonously.
Thus, it can be concluded that the characteristics
of defects, both in crystalline and glassy states, cor-
relate with the entropy of mixing.

The concentration of defects in glasses is estimat-
ed based on the analysis of the distributions of the
deviator components of the dipole tensors of atoms.
It is shown that in this case reasonable values of de-
fect concentration are obtained, consistent with the
corresponding estimates based on the interstitial
theory.

The results obtained may be useful for under-
standing the role of mixing entropy in the formation
of specific properties of high-energy alloys in crys-
talline and glass-like states.
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