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The interaction of impurity atoms of light elements C, N, O with self-interstitials in fcc metals Ni, Ag and Al was studied
by the molecular dynamics method. It is shown that the self-interstitial atom in fcc metals migrates through at least two
mechanisms: by the displacement and rotation of the <100> dumbbell and by the crowdion mechanism. The first mechanism
is characterized by broken trajectories of atomic displacements, the second — by straight ones along close-packed directions
in the crystal. The binding energies of impurity atoms with self-interstitials in Ni, Ag and Al have been calculated. It is shown
that impurity atoms are effective “traps” for interstitial atoms that migrate relatively quickly in a crystal. When a self-interstitial
atom and an impurity atom interact, the interstitial atom forms a dumbbell configuration with the axis along the <100>
direction, and the impurity atom is located in the nearest octahedral pore. To analyze the effect of impurities on the diffusion
mobility of interstitial atoms, we calculated the activation energy of migration of the interstitial atom in pure metals and
metals containing 10% of impurity atoms. It was found that the mobility of interstitial atoms is significantly reduced due to the
presence of impurities in the metal. At the same time, the contribution of the crowdion mechanism also decreased.
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B3aumopencTBue NpUMeCHbBIX ATOMOB I€TKUX 37IEMEHTOB
C COOCTBEHHBIMM Mexxy3enbHbIMu aTroMamu B I'TIK metammax
3opsa V.B.!, IToneraes I. M., Pakutun P.10.°, Minpuna M. A%, Crapoctenkos M. [].2
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*ATalICKuUIL TOCYAapCTBEHHBIN TeXHMIecKuii yauBepcuteT uM. V1. V. ITonsyHoBa, np. JlennHa, 46, baphayi, 656038, Poccus
* ATTalicKuii rocylapCTBEHHBIN YHUBEpCUTeT, np. JlennHa, 61, bapHayi, 656049, Poccns
‘OuHaHcoBbIl yHUBepcuTeT pu [IpaBurtenncrse PO, np. Jlennna, 54, bapHay, 656036, Poccus

MeTomoM MOJIEKY/ISPHOI AMHAMUKY IIPOBEIEHO VCCIelOBAHNE B3aMIMOEICTBIIA IIPYMECHBIX aTOMOB JIETKIX 971eMeHTOB C,
N, O ¢ cob6cTBenHbIMY MeXy3enbHbIMY aToMamy B ['TIK metamrax Ni, Ag u Al ITokazaHo, 4TO cOOCTBEHHBII MeXXY3e/IbHBII
atoM B I'lIK MeTanmax Murpupyer ocpefcTBOM, KaKk MUHMMYM, JIByX MEXaHM3MOB: CMEILEHNA ¥ TOBOPOTa ranTenm <100>
Y KPayIMOHHOTO MeXaHM3Ma. JI71 mepBoro MexaHnsMa XapaKTepHbI IOMaHble TPAeKTOPUM CMEIIeHUIT aTOMOB, JI/I BTOPOTro —
NpsIMble BJIONIb TIJIOTHOYIIAKOBAHHBIX HAINpaBJE€HMII B KpUCTanae. PaccumTaHbl SHEPIMM CBA3M IPUMECHBIX aTOMOB
C cOOCTBEHHBIMN MeXy3enbHbIMYU aroMaMu B Ni, Ag u Al. TTokazaHo, 4TO IpUMeCHbIe aTOMBI ABJIAITCA 3¢ HEKTMBHBIMU
«IOBYLIKaMI» IJIsI CPABHUTENIBHO OBICTPO MUTIPUPYIOIIMX B KPUCTAJIe MEXY3elIbHBIX aToMoB. IIpy B3auMozmeyicTBUM
MEXY3e/IbHOTO aTOMa U aTOMa IIPMMeCU MeXY3e/lIbHBII aToM (OpMUPYeT TaHTEeNbHYI0 KOHQUIYPALVIO C OCBI0 BJOND
HampasjieHys <100>, a IpUMeCHOI aTOM pacIoJaraeTcsi B OMypKalillell OKTasgpudeckoil mope. [lid aHanusa BIVAHUA
npuMeceil Ha AupY3MOHHYIO IOABIDKHOCTD MEXY3€/IbHBIX aTOMOB ObUIM PacCUMTaHBl 3HAUEHUA SHEPIMM aKTUBAIMU
MUTPalMU MEXXY3€IbHOTO aTOMa B YMCTBIX METAJIIaX M MeTajlax, coiep>kamux 10% mpyuMecHBIX aTOMOB. bbIIo BBIACHEHO,
YTO HOABYDKHOCTD MEXXYy3€IbHBIX aTOMOB CYIIECTBEHHO CHIDKAETCA U3-3a Hanu4uA Npumeceit B Metasie. IIpu aTom Taxxke
CHIDKAJICA BK/IaJ] KPayIMOHHOTO MeXaHM3Ma.

KnroueBbie cmoBa: MOJIEKY/IAPHAA JMUHAaMMKa, METalll, MC)KYSCTII)HI)IIZ aTOM, IIPUMECH, SHEPTUA CBA3N.
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1. Introduction

Interaction of impurity atoms with metals is of a significant
scientific and technological interest, which has a wide range
of applications in materials science. Atoms of light elements
(primarily the most common ones: hydrogen, oxygen,
nitrogen, carbon), forming interstitial defects and phases
in metals, have high chemical activity and already at low
concentrations strongly influence the properties of metals.
Being effective traps for vacancies, dislocations and grain
boundaries, the impurities of light elements significantly
increase strength, hardness, frictional properties, as a
rule, simultaneously with brittleness [1,2]. A high melting
temperature and chemical resistance are typical for many
interstitial alloys. Despite the importance of understanding
the mechanisms and processes underlying the effect of
doping light elements on the properties of metals, many
questions now arise regarding the behavior of impurities at
the atomic level in a metal matrix. In particular, the issues
of interaction at the atomic level of various interstitial
impurities with defects in the crystal lattice, especially
dislocations and grain boundaries, remain insufficiently
studied. In this case, computer simulation is an effective
research tool.

Self-interstitials are not often considered as “traps”
for impurity atoms. Nevertheless, according to the
calculations carried out in [3,4], they can also have a
rather high binding energy with impurities close to
the binding energy of an impurity with a vacancy and
dislocations. For example, for a-Fe and y-Fe, the values
of 0.68 and 0.58 eV, respectively, were obtained in [3].
Strictly speaking, in the case of interaction of impurity atoms
and self-interstitials, it is more correct to call impurity atoms
“traps’, because self-interstitials are much more mobile
than C, N or O atoms in the metal lattice. Self-interstitial
atoms have unique diffusion mobility. The activation
energy of self-interstitials migration is significantly lower
than the migration energy of other point defects [5,6]. The
mechanism of self-interstitial migration is ambiguous and
even in a pure crystal it has at least two variants: dumbbell
and crowdion mechanisms [7, 8].

This work is devoted to the study of the interaction
of impurity atoms of light elements C, N and O with self-
interstitials in metals with an fcc lattice using molecular
dynamics modeling. Ni, Ag and Al were chosen as metals for
the studies. This set of three metals is unique in that two of
them have almost the same radii of atoms, while the other two
have almost identical electronegativity. The radii of atoms:
Al-1.43 A, Ag—1.44 A, Ni—1.24 A [1]. Electronegativity (on
the Pauling scale): Al-1.61, Ag—1.93, Ni-1.91 [9]. Thus,
when obtaining different dependencies for these three metals,
the relationship either with the size of the atoms or with the
electronegativity will be seen.

2. Description of the model

The simulation was performed using the molecular
dynamics method. The computational cell of the crystal
had a shape of a parallelepiped and contained 8400 atoms.
Periodic boundary conditions were used. The interactions

of metal atoms with each other were described by the
tight-binding Cleri-Rosato potentials [10]. To describe
the interactions of impurity atoms of light elements with
metal atoms and impurity atoms with each other, the Morse
potential was chosen. The Cleri-Rosato and Morse potentials
have proven themselves in numerous calculations performed
by the molecular dynamics method [11-14]. Pair potentials
are relatively often used by various researchers to describe
interatomic interactions in metal-impurity systems. The
parameters of the potentials for describing the interactions
of impurity atoms C, N and O with the metal atoms under
consideration were taken from [15], where they were
found taking into account empirical dependencies and
known characteristics, such as melting or decomposition
temperatures of the corresponding chemical compound of a
metal with a light element, the activation energy of diffusion
of an impurity atom in the crystal lattice of the metal. In [15],
the potentials proposed by other authors were taken as a
basis to describe the interactions of impurity atoms with each
other in metals. For the C-C bond, the pair potential from
[16] was transformed into Morse potentials. For the N-N and
O-0O bonds, the potentials were taken from [17,18].

3. The mechanism of migration
of a self-interstitial atom in an fcc crystal

Self-interstitial atoms in the crystal lattice can have different
non-equivalent positions. For example, in fcc crystals, up to
six such positions are considered [5,19]: in octahedral and
tetrahedral pores, as a dumbbell (two atoms in one node)
along different directions (<100>, <110> or <111>) and in the
form of crowdion (an excess atom in a close-packed atomic
row). In [5], it was shown that the dumbbell configuration
with the axis along <111> is unstable and transforms into
a dumbbell with the axis along <100>. In general, the most
energetically favorable in the fcc crystal, according to
numerous studies, is the dumbbell configuration with the
axis along the <100> direction [5,19,20] (Fig. 1a). At the same
time, computer simulations usually give small differences
in the formation energies of various interstitial atom
configurations [5,19] (usually not more than 0.1-0.4 eV,
according to [5]), that speaks about possible transformations
from one configuration to another, the probability of which
increases with increasing temperature. Due to the ambiguity
of the configuration of a self-interstitial at medium and,
especially, at high temperatures, the atomic mechanism of its
migration includes several possible variants.

For example, in the case of migration of an interstitial
atom as a dumbbell, one of the atoms of the pair moves to the
lattice node, and the other leaves and forms a new dumbbell
pair with the third atom, pushing it out of its node [7,8,21].
The mechanism of migration of an interstitial atomin the <100>
dumbbell configuration is the translational displacement of
the center of the dumbbell by one interatomic distance and
the rotational movement of its axis by 90° (Fig. 1a).

Another mechanism, called the crowdion [22-25], is a
relay displacement of the compression region along the close-
packed atomic row, resulting from the presence of an extra
atom in this row (Fig. 1b). Diffusion occurs due to small
displacements of each of the atoms of the crowdion along
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the close-packed row, so the speed of movement is high, and
the activation energy of migration is small. In this case, it is
assumed that the initial configuration of the interstitial atom is
the metastable crowdion configuration, which is energetically
less favorable than the <100> dumbbell. This mechanism is
often considered in the study of processes occurring during
radiation damage to materials [22,23,26].

The leading mechanism of migration of an interstitial
atom can be found out by analyzing the trajectories of
atomic displacements, which in each case have characteristic
features. For the dumbbell configuration, the displacement of
the dumbbell is equally probable in all twelve directions, such
as <110>, whereas for the crowdion mechanism there are
only two possible directions of migration of the interstitial
atom — in both directions along the crowdion. That is, the
probability that an interstitial atom makes two consecutive
jumps in the same direction is approximately 1/12 for the
“dumbbell” mechanism, and 1/2 for the crowdion mechanism.
For three consecutive jumps, respectively: 1/144 and 1/4.
Thus, the characteristic feature of the crowdion mechanism
are the direct trajectories of atomic displacements, for the
mechanism of displacement and rotation of the <100>
dumbbells — broken trajectories.

Fig. 2a shows the example of the trajectories of atomic
displacements as a result of the self-interstitial migration in

pure Ni at a temperature close to the melting point. As can be
seen, the trajectories contain both broken and straight-line
sections along close-packed directions <110>, which testifies
in favor of the implementation of the crowdion mechanism.
Similar trajectories were observed during the migration of an
interstitial atom in all pure fcc metals. Thus, a self-interstitial
atom in pure fcc crystals migrates through not one, but at
least two mechanisms discussed above.

It should be noted that after cooling the molecular-
dynamic models and relaxation of the structure, in all cases,
the interstitial atoms formed a dumbbell configuration with
the axis along <100>. Such a configuration, as mentioned
above, is energetically the most favorable, while the crowdion
configuration appears to be dynamic, i. e. temporary, and has
a lifetime depending on temperature.

4. Interaction of impurity atoms
with a self-interstitial atom.

When impurity atoms of light elements were introduced
into models in the region of the self-interstitial atom, both
defects, as a rule, formed the configuration shown in Fig. 3.
The dumbbell of metal atoms remained in the same place,
while the impurity atom displaced to the center of the nearest
octahedral pore.
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Fig. 1. Mechanisms of migration of an interstitial atom in an fcc crystal: displacement and rotation of the <100> dumbbell (a); the crowdion

mechanism (b).
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Fig. 2. Trajectories of atomic displacement as a result of the migration of an interstitial atom: in pure Ni at a temperature of 1700 K (0.98-Tm,
where Tm is the melting temperature) for 50 ps (1 — the mechanism of displacement and rotation of the <100> dumbbell; 2 — the crowdion
mechanism) (a); in Ni containing 10% of oxygen atoms at a temperature of 1700 K for 100 ps (b).
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Table 1 shows the values obtained in the model for the
binding energy of the impurity atom with the self-interstitial
atom in the metals under consideration. The binding energy
was calculated by the formula

E=U-U,

were U, is the potential energy of a computational cell
containing an interstitial atom and an impurity atom at such
a distance (as a rule, several dozen interatomic distances)
from each other, which eliminates the interaction of the self-
interstitial and the impurity atom; U is the potential energy of
a computational cell containing an impurity atom near a self-
interstitial atom in the configuration as in Fig. 3. In both cases,
the structure was relaxed before calculating the energy of the
computational cell, after which the cell was cooled to 0 K.

It should be noted that all values of the binding energy given
in the Table 1 are positive and relatively large, which means
that the self-interstitial atoms and impurity atoms effectively
interact and inhibit the migration of each other. Moreover,
since the interstitial atoms are much more mobile than the
impurity atoms, it is more correct, perhaps, to say that the latter
are “traps” for the interstitial atoms, and not vice versa.

To analyze the effect of impurities on the diffusion
mobility of interstitial atoms, we calculated the activation
energy of the migration of an interstitial atom in pure metals
and metals containing 10% impurity atoms. To determine the
migration energy, we used the dynamic method [5], which
consists in finding the dependence of the diffusion coefficient
on temperature D(T) when a certain number of defects of the
considered type are introduced into the computational cell.
Due to the presence of at least two migration mechanisms
of the interstitial atom, dumbbell and crowdion, as well as
the complexity of the migration mechanism in the case of the
presence of impurities in the crystal, the diffusion activation
energy, determined by the slope of the InD dependence on
T, is in this case averaged. The results are shown in Table 2.

The migration energy of self-interstitial atoms in pure
metals is very low, which causes their high diffusion mobility.
For comparison, in works [6,19,27], the following data,
mainly by computer simulation, were obtained: 0.04-0.15 eV
in Ni, 0.05-0.12 ¢V in Ag and 0.03-0.1 eV in Al

As can be seen from Table 2, the mobility of interstitial
atoms is significantly reduced due to the presence of
impurities in the metal. With the introduction of 10% of
impurity atoms, the migration energy of interstitial atoms
increased several times. At the same time, the contribution
of the crowdion mechanism also changes — it becomes
noticeably smaller, which is clearly seen, for example, by a
decrease in the number of straight sections on the migration
trajectory of interstitial atoms (Fig. 2b). The decrease in the
contribution of the crowdion mechanism is associated with
lattice distortions caused by impurity atoms.

Table 1. The binding energy of an impurity atom with a self-interstitial
atom (eV).

C N (0]
Ni 0.43 0.53 0.63
Ag 0.22 0.23 0.29
Al 0.86 0.66 0.45

Fig. 3. The position of an impurity atom near a self-interstitial atom
(in the form of a dumbbell along the <001> direction) in an fcc
lattice. The positions of the atoms are given without taking into
account the relaxation of the structure.

Table 2. The migration energy of an interstitial atom in a pure metal
and in the presence of 10% of impurity atoms (eV).

Pure metal C N (@)
Ni 0.09 0.38 0.30 0.34
Ag 0.07 0.17 0.20 0.19
Al 0.05 0.22 0.16 0.14

5. Conclusion

The interaction of impurity atoms of light elements C, N, O
with self-interstitials in fcc metals Ni, Ag and Al was studied
by the molecular dynamics method. It is shown that the
self-interstitial atom in fcc metals migrates through at least
two mechanisms: by the displacement and rotation of the
<100> dumbbell and by the crowdion mechanism. The first
mechanism is characterized by broken trajectories of atomic
displacements, the second — by straight ones along close-
packed directions in the crystal.

The binding energies of impurity atoms with self-
interstitials in Ni, Ag and Al are calculated. It is shown that
impurity atoms are effective “traps” for interstitial atoms
that migrate relatively quickly in the crystal. When a self-
interstitial atom and an impurity atom interact, the interstitial
atom forms a dumbbell configuration with the axis along
the <100> direction, and the impurity atom is located in the
nearest octahedral pore.

To analyze the effect of impurities on the diffusion
mobility of interstitial atoms, we calculated the activation
energy of migration of the interstitial atom in pure metals
and metals containing 10% impurity atoms. It was found
that the mobility of interstitial atoms is significantly reduced
due to the presence of impurities in the metal. With the
introduction of 10% of impurity atoms, the migration energy
of interstitial atoms increased several times. At the same time,
the contribution of the crowdion mechanism decreased.
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