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Abstract. The molecular dynamics method was used to study the structure formation during austenite nanoparticles crystallization in the presence of carbon
impurities. The paper describes the dependence of the melt cooling rate, particle size, concentration of carbon atoms in the particle on the resulting
structure features during crystallization and temperature of the crystallization onset. Formation of the nanocrystalline structure of nanoparticles can
be controlled by varying the cooling rate and introducing a carbon impurity: at a cooling rate above 10'3 K/s in the model used, crystallization did not
have time to occur; at a rate below 5-10'2 K/s, the austenite particle crystallized to form a nanocrystalline structure. At the same time, with a decrease
in the cooling rate, a decrease in the density of defects in the final structure was observed. At a rate of 5-10'! K/s or less, crystallization of carbon-free
particles took place with the formation of low-energy grain boundaries (with a high density of conjugate nodes: special boundaries, twins). The crystal-
lization temperature during cooling at a rate below 10'2 K/s is inversely proportional to the particle diameter: as the particle size decreases, the propor-
tion of free surface increases, which leads to a decrease in the probability of crystalline nuclei formation. In addition, the crystallization temperature
increases with a decrease in the cooling rate. The introduction of a carbon impurity led to a decrease in the crystallization temperature of nanoparticles:
in the presence of 10 at. %. As a percentage of carbon, it decreased by about 200 K for particles of different sizes. Carbon atoms often formed clusters
consisting of several carbon atoms. Such clusters distorted the resulting crystal lattice of metal around them, preventing crystallization. In the presence
of a carbon impurity, the final structure of the crystallized particles contained a higher density of grain boundaries and other defects. Carbon atoms,
especially clusters of them, were fixed mainly at grain boundaries and triple joints.
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AHHoOmayus. MetooM MONEKYISIPHOH TMHAMUKH TPOBEAEHO HCcclieoBaHHe (GOPMHUPOBAHMS CTPYKTYPbI IIPH KPUCTAIIM3AINN HAHOYACTHIL ayCTe-

HUTA B yCJIOBHSAX HAJIMYMS NPHMECH yriiepoaa. PaccMaTpuBaioch BIMSHHE CKOPOCTH OXJIQXJCHHUS pacIliaBa, pa3Mepa YacTHUll, KOHIIEHTpAauu
aTOMOB yIVIEPO/Ia B YaCTHUIIE HA 0COOEHHOCTH 0Opasyrowieiicsi CTPYKTYpbl NPH KPUCTAUIM3ALMK U TEMIIEparypy Havana kpucramumzanuu. [Toka-
3aHO, 4TO (POPMHPOBAHUEM HAHOKPUCTAIIMYECKOW CTPYKTYyphl HAHOYACTHI] MOXKHO YIPABISATH ITyT€M BapbUPOBAHUS CKOPOCTH OXJIAXKICHUS
1 BBEJICHUS NPUMECH yIIIEPOJIa: TIPU CKOPOCTH OXJaxaeHus Boimie 1013 K/c B ucnonb3yeMoii Moiean KpUcTau3aiys He yereBaja IpoM30iTH,
npu cxkopoctu Hmwke 5-10'2 K/c yactuia aycreHUTa KPUCTAILIM30BAIACH C OOPA30BAHMEM HAHOKPHMCTAUIMYECKOHW CTPYKTYphl. Ilpu 3TOM 1pu
CHIKEHHM CKOPOCTH OXJI&XKICHUS HAOIIONAI0Ch YMEHBUICHHE IIOTHOCTH 1e()EKTOB B KOHEUHOM cTpykType. Ilpu ckopoctu 510 K/c u menee
KpHUCTAIIIM3AIHS YacTHI Oe3 yIiiepoaa MpoXoaAmIa ¢ 00pa30BaHUEM HU3KOPHEPIeTHYECKHUX I'PAHHUI] 3€PEH (C BHICOKOH INIOTHOCTHIO CONPSIKEHHBIX
y3JI0B: CIIEUMAJILHBIX [PAHUL, JBOHHUKOB). TeMIeparypa KpUCTaUIM3aLlkU IPU OXJIAXKIECHUHU €O CKOpocThio Hike 1012 K/c 06paTHo nponopiuo-
HaJIbHA JMaMETPy YacTHIBL: 0 MEpPEe YMEHBIICHHS pa3Mepa YacTHIbl YBEINYMUBACTCS OIS CBOOOJHON MOBEPXHOCTH, YTO IMPUBOIUT K YMCHB-
IICHUIO BEPOSATHOCTH 00pa30BaHusI KPUCTAINIMYECKHUX 3apobliei. Kpome Toro, Temneparypa KpUcTaJUIM3aliy yBEINUUBACTCS TIPU YMEHBIICHHU
CKOPOCTH OXJIaXJCHUS. BBeneHue mpumecH yriepoja NPHUBOAWIO K CHIXKEHHIO TEMIIEPATypbl KPUCTAJUIM3AIUU HAHOYACTHUIL: NPHU HATUYUH
10 ar. % yriepozna oHa yMeHbInanach npumepHo Ha 200 K uist yactui pa3Horo pasmepa. ATOMBbI yIiiepoia 4acto 00pa3oBbIBaIM CKOIIEHHSI, COCTO-
SIIUE U3 HECKOJIIBKAX aTOMOB yIiiepozia. Taknue CKOIUICHUS HCKayKalll 00pa3yIoIyocs KPUCTAIMYECKYIO PEIETKY METallla BOKPYT ce0sl, persiT-
CTBYSI KpUCTAJUIM3ALMK. B yCIOBHSX Hanuuus NpUMECH yrepoaa KOHEe4Has CTPYKTypa KPHUCTAJUIM30BABIIMXCS YaCTHUI UMesa 0oliee BBICOKYIO
IUIOTHOCTb TPAHMI 3ePEH U APYTHX Je(EKTOB. ATOMBI YIIIepoa, 0COOCHHO CKOIUICHHS M3 HUX, 3aKPEIULUIMCH IPEUMYIIECTBEHHO Ha TPaHUIAX

3epeH U TPOMHBIX CTHIKAX.
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[ INTRODUCTION

Metallic nanoparticles exhibit a unique set of physi-
cal, chemical, and optical properties. These proper-
ties make nanoparticles highly promising for applica-
tions in areas such as microelectronics, optoelectronics,
plasmonics [1; 2], medicine and biology [3; 4], chemi-
cal catalysis, and the production of gas sensors [5; 6].
In the manufacturing of nanoparticles, significant atten-
tion is given to controlling the phase state, size, and shape
of the particles due to their critical impact on beneficial
properties [7 — 10]. Consequently, investigating the fac-
tors influencing the mechanisms and kinetics of phase
transitions, as well as the final structure of the particles,
is of great importance. Recently, particles with a high
level of atomic structure disorder, such as amorphous or
nanocrystalline structures, have garnered significant inte-

rest [11 — 14]. These particles possess high stored energy
and a unique electronic structure, making them promi-
sing for use in catalysis, biomedicine, optics, and electro-
nics [15 - 17].

A nanocrystalline structure, which is a polycrystal-
line structure with relatively small grain sizes (ranging
from a few nanometers to several tens of nanometers) and
a high density of non-equilibrium grain boundaries, can
be obtained not only through intense deformation but also
through sufficiently rapid cooling, where the recrystalli-
zation process is suppressed during grain growth, lead-
ing to the formation of numerous small grains [18; 19].
Through computer modeling in studies [20 — 23], it has
been shown, for example, that nanoparticles of pure metals
crystallize with a nanocrystalline structure with high
grain boundary density and an average grain size of only
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a few nanometers when cooled at a rate of approximately
1012 K/s from the molten state. In studies [20; 22; 23],
it was demonstrated that at a cooling rate exceeding
1013 K/s, homogeneous crystallization does not have time
to occur, and the cooled particles in the molecular dyna-
mics model exhibit an amorphous structure.

The interaction of impurity atoms of light elements
with metals is of significant scientific and technological
interest. Even at low concentrations, atoms of carbon,
nitrogen, and oxygen significantly affect the proper-
ties of metals. Despite the importance of understanding
the mechanisms and processes underlying the influence
of alloying with light element impurities on the proper-
ties of metals, many questions regarding the behavior
of impurities at the atomic level in the metallic matrix
remain unresolved. One such question is the determina-
tion of the impact of impurities on phase transitions, par-
ticularly the exploration of ways to control the tempera-
ture intervals of phase existence in metallic nanomaterials
by varying impurities. This study is devoted to inves-
tigating, at the atomic level using molecular dynamics,
the crystallization process of austenite nanoparticles and
the effect of carbon impurity on these processes.

[ MODEL DESCRIPTION

For describing Fe—Fe interactions in austenite, the
Lau EAM potential [24] was used, which accurately
reproduces the structural, energetic, and elastic charac-
teristics of austenite [24; 25]. To describe the interactions
of iron atoms with carbon atoms and carbon atoms with
each other in the metal matrix, Morse potentials [26] were
used, determined based on experimental data on the dis-
solution energy and migration energy of carbon impurity
atoms in the austenite crystal, atomic radii, their electro-
negativity, binding energy, and other characteristics.

In the model, a spherical austenite particle was ini-
tially created by cutting out a sphere of the appropriate
size from an ideal FCC crystal. Particles with diameters
ranging from 1.5 to 12.0 nm were considered. The par-
ticle was placed in a rectangular parallelepiped calcula-
tion cell with periodic boundary conditions. Although free
conditions (i.e., the absence of any boundary conditions)
can be used for this model, periodic boundary conditions
were employed in this study to ensure that atoms evapora-
ting from the particle surface at high temperatures do not
escape far from the particle but remain within the calcu-
lation cell. The distance between the walls of the calcu-
lation cell was sufficiently large to prevent interaction
between the particle and its virtual duplicate [27; 28].

Carbon impurity atoms were introduced randomly
throughout the entire volume of the metallic particle.
The impurity concentration varied from 0 to 10 at. %.
After creating the initial spherical particle, structural
relaxation was performed to establish the equilibrium
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atomic structure. Temperature control was carried out
using the Nose-Hoover thermostat. The temperature in
the model was set by adjusting the atomic velocities.
The time integration step in the molecular dynamics
method was 1 fs.

The resulting particles were used as starting points
for simulating the gradual heating and subsequent cool-
ing of the particles. For particles of each size, simula-
tions were conducted with constant heating rates from
the monocrystalline state to temperatures significantly
exceeding the melting point (from 600 to 2000 K for
larger particles and generally up to 1800 K for relatively
small particles) and reverse cooling from the molten state
to 600 K (for crystallization simulation). The tempera-
ture change during heating and cooling was carried out
at a constant rate by correspondingly adjusting the velo-
city magnitudes of all atoms in the model. It is known
that when cooling melts at rates above 10'3 —10'% K/s,
homogeneous crystallization does not have time to occur
even in pure metals, resulting in metallic glasses [29; 30].
At the same time, as shown in studies [20 — 23] and
will be demonstrated below, cooling rate of 10'2 K/s is
sufficient for crystallization to occur.

[ RESULTS AND DISCUSSION

The average potential energy of an atom was chosen as
the primary characteristic of the state of the nanoparticle
structure. Fig. 1 shows the dependence of the average
atomic energy on temperature for particles with diame-
ters of 8.0 and 2.5 nm during heating from the monocrys-
talline state and reverse cooling from the melt at differ-
ent temperature change rates: 5-10'', 10'> and 5-10'2 K/s.
The sharp changes in the average atomic energy on
the graphs apparently correspond to phase transitions:
during the increase — melting, and during the decrease —
crystallization. As is well known, the melting — crystal-
lization phase transitions do not occur instantaneously;
the crystal — liquid front moves at a finite speed, depen-
ding on the temperature, and usually ranges from several
tens of meters per second [31; 32]. No stationary crys-
tal — liquid front was observed; once formed, this front
typically moved until the entire particle melted or crys-
tallized. In light of the above, the phase transition tem-
peratures were determined by the moment of their onset
(indicated by arrows in Fig. 1).

Crystallization during gradual cooling from the melt
occurred at a temperature significantly lower than
the melting point. This substantial difference between
the melting temperature (7)) and the crystallization
temperature (7)) in nanoparticles is a well-known phe-
nomenon in modeling [20; 22; 33]. As shown, the crys-
tallization process is more sensitive to the rate of tem-
perature change than melting: for all three rates, the onset
of melting is roughly the same, while the crystallization
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Fig. 1. Dependences of the average potential energy of an atom
on temperature at different heating/cooling rates of austenite
nanoparticles with a diameter of 8.0 (a) and 2.5 nm (b):

1 —heating of a single crystal particle;

2 — cooling of a particle from the molten state;

T, —melting point; T — crystallization temperature

Puc. 1. 3aBUCHMOCTH CpeiHEH OTEHIIMAIBHON SHEPTUH aToMa
OT TeMIEepaTypbl IPH PA3HOH CKOPOCTH HArPEBAHUS/OXIaXKICHHS
HaHOYACTHI aycTeHuTa quamerpom 8,0 (@) u 2,5 um (b):

] — HarpeB MOHOKPUCTAJUINYECKOH YaCTHULIbI;

2 — OXJIa’K/IEHUE YaCTHILIbl U3 PACILIABIEHHOTO COCTOSHUSI;

T, — Temneparypa niaejienus; 7, — Temreparypa KpucTaun3aiiu

onset temperatures vary considerably. At a cooling rate
of 5-10'2 K/s, crystallization only partially occurred for
the 8.0 nm particle (as indicated by the relatively small
drop in average atomic energy) and did not occur at all
for the 2.5 nm particle (Fig, 1, a). As is well known,
homogeneous crystallization involves two stages: nuclea-
tion of crystalline nuclei followed by their growth, i.e.,
the advancement of the crystallization front. These stages
occur sequentially, and once stable nuclei are formed,
the front moves at approximately the same speed as during
melting, as evidenced by the similar slopes of the graphs
during melting and crystallization in most cases.

It should be noted that for the 8.0 nm particle, after
crystallization, the average atomic energy is higher than
in the initial monocrystalline particle (Fig. 1, a, curve 2),
and the higher the cooling rate, the greater this difference.
This is explained by the formation of a nanocrystalline
structure after crystallization, characterized by higher
average atomic energy values compared to the monocrys-
talline particle due to the presence of grain boundaries and
other defects. The higher the cooling rate, the less time is
spent on structural relaxation, and the higher the defect
density in the cooled particle.

As the particle diameter decreased, the dependence
of the average atomic energy on temperature under-
went qualitative changes. Firstly, the energy difference
between the crystalline and amorphous states was notice-
ably smaller compared to larger particles (Fig. 1, b). This
is likely due to the relatively higher proportion of sur-
face atoms in this case. Moreover, for smaller particles,
the energy value fluctuations were higher, and the error
in determining phase transition temperatures was greater,
due to the relatively smaller number of atoms in them.

Another important change in the graphs with decreas-
ing particle size was the decrease in melting and crystal-
lization temperatures, as well as the stronger influence
of the cooling rate on the crystallization temperature.
This is obviously a consequence of the higher propor-
tion of surface atoms as the particle diameter decreases.
At a cooling rate of 5-10'> K/s, crystallization did not
occur at all for particles with diameters smaller than 3 nm,
as evidenced by the absence of a downward energy jump
corresponding to crystallization (e.g., Fig. 1, b, curve 2).

Fig. 2 shows the atomic structure in a cross-section
of particles with an 8.0 nm diameter, obtained using
a crystalline phase visualizer. This visualizer determines
the affiliation of each atom to a particular crystalline
structure by analyzing the arrangement of neighboring
atoms [34]. As seen in Fig. 2, with increasing cooling
rate, grain sizes decrease, and the number of structural
imperfections, including grain boundaries, increases.
At a cooling rate of 5-10'"! K/s, judging by the very close
positioning of curves / and 2 in Fig. 1, i.e., the slight dif-
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Puc. 2. AtomHas cTpyKTypa uacTHl] aycTeHHTa JuamMeTpoM 8,0 HM,
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@ Fe (amorf.)
@ Fe (crystal.)

Fig. 2. Atomic structure of austenite particles with a diameter
of 8.0 nm, free of carbon impurities, in a section obtained
as a result of crystallization at a cooling rate
of 510" (@), 10'? (b) and 5-10" K/s (c)

HE COZIepIKAILNX TIPUMECH yIIepo/a, B cpe3e, MOIyYeHHas
B pe3yIbTaTe KPUCTAUTU3AIMH [IPH CKOPOCTH OXJIAKICHHUSI
5:10" (a), 10" (b) m 5-10" K/c (¢)

ference between the average energy of monocrystalline
and crystallized particles, crystallization likely occurred
often with the formation of low-energy grain boundaries
(with a high density of coincident sites: special bounda-
ries, twins).

To mathematically describe the influence of the free
surface of nanoparticles on their melting temperature,
a formula based on the assumption that the phase tran-
sition temperature change is proportional to the surface
area-to-volume ratio of the particle is often used [35 — 37],
i.e., for a spherical particle, this change should be propor-
tional to N-3 or d~! (where N is the number of atoms
in the particle; d is the particle diameter). In this study,
the assumption for the crystallization temperature was
used, with an added correction & accounting for the finite
thickness of the particle’s surface layer:

70 1_ o,
i -11- W

where 7. and T are the crystallization temperatures
of the particle and bulk material, respectively; a, is
a parameter that accounts for the extent of the particle
surface’s influence on its crystallization.

Formula (1) was used to construct an approximation
curve for the dependence of the crystallization temper-
ature of nanoparticles on their diameter (dashed lines
in Fig. 3). As can be seen, for cooling rates of 10'> K/s
and 5-10'" K/s, the values obtained in the model (shown
by markers in Fig. 4) closely match the approximation
curves, confirming the leading role of the free surface
not only in the melting process but also in the crystal-
lization of nanoparticles. The parameter values for cal-
culation by formula (1) were as follows (1): 7 = 1190 K,
o, =0.38 K-nm, 3 = 0.4 nm for a cooling rate of 5-10'" K/s
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Fig. 3. Crystallization temperature of an austenite particle depending
on its diameter at different melt cooling rates

Puc. 3. Temnieparypa KpuCTaJUIN3aIMN YaCTHUIIbI ayCTCHUTA
B 3aBUCHMOCTH OT €€ JUaMeTpa IpH Pa3HOH CKOPOCTH
OXJIAXK/ICHHS pacIuiaBa
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and 7= 1190 K, 0o, = 0.49 K-nm, § = 0.4 nm for a cool-
ing rate of 102 K/s.

As shown in the dependencies in Fig. 3, the crystalli-
zation temperature increases as the cooling rate decrea-
ses. This fact confirms that the formation of nucleation
sites is a probabilistic process requiring a relatively long
time for the formation of stable nuclei. At a cooling
rate of 5-10'2 K/s, particles with diameters smaller than
3 nm did not crystallize (triangular markers in Fig. 3).
The error in determining the onset of crystallization at
this rate was higher than at the other rates considered.
Nevertheless, it is clear that at the highest of the rates
considered, 5-10'> K/s, crystallization occurs at lower
temperatures than at lower rates.

The introduction of carbon impurity led to a decrease
in the crystallization temperature. Fig. 4 shows the de-
pendence of the crystallization temperature on particle
diameter (Fig. 4, a) and carbon impurity concentra-
tion (Fig. 4, b). The following parameter values were
obtained for calculation using formula (1): 7 = 1155 K,

1200
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% eo0 | 2' o Fe
[ ©n,//a ® Fe—C (3 at. %)
s A Fe—C (6 at. %)
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Ll
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C,at. %

Fig. 4. Dependences of crystallization temperature of an austenite
particle during cooling at a rate of 10'2 K/s on the particle diameter
at different concentrations of carbon impurity (@) and on carbon
concentration at different particle sizes (b)

Puc. 4. 3aBUCHMOCTH TeMIIEpaTypbl KPHCTAJUTN3ANH JaCTUIIBI
AyCTEHHTA IIPH OXJIAXKICHHHU co ckopocThio 10'? K/c ot uamerpa
YaCTHUIIBI TIPU Pa3HBIX KOHIIEHTPALMSX MpUMecH yriepona (a)

U OT KOHIIEHTPAI[UHU yIIIepoa IPH Pa3HBIX pa3Mepax dacTul (b)

© Fe (amorf.)
@ Fe (crystal.)
e C

Fig. 5. Atomic structure of austenite particles with a diameter
of 8.0 nm containing 3 at. % carbon, in the section obtained
as a result of crystallization at a cooling rate
of 510" (@), 10'? (b) and 5-10" K/s (c)

Puc. 5. AtomHas cTpyKTypa yacTHI| aycTeHHTa JuamMeTpoM 8,0 HM,

cozepxkamux 3 at. % yrieposa, B cpese, MoIydeHHast
B pe3yibTaTe KPUCTAJUIN3AINH IIPA CKOPOCTH OXJIaXKICHHS
5-10" (a), 10" (b) m 5-10" K/c (¢)
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o, = 0.57 K-nm for a concentration of 3 at. %, TCO =1120K,
a,=0.59 K-nm for a concentration of 6 at. %. The &
value, which reflects the width of the surface layer, was
found to be the same in all cases — 0.4 nm.

As the carbon concentration increased within the con-
sidered impurity atom concentration range, the crystalli-
zation temperature of the austenite particle decreased sig-
nificantly: by nearly 200 K at a concentration of 10 at. %
(Fig. 4, b). Carbon atoms, diffusing in the metal lattice,
often formed clusters consisting of several carbon atoms
(Fig. 5). These clusters distorted the emerging metal
crystal lattice around them, hindering crystallization.
Crystallization nuclei formed predominantly in the par-
ticle volume, followed by the intensive growth of crystals
and the formation of a polycrystalline structure.

Fig. 5 shows the atomic structure of particles with
a diameter of 8.0 nm, containing 3 at. % carbon, crystal-
lized at different cooling rates. Comparing the structures
shown in Fig. 2 for particles without carbon impurity, it is
evident that the number of structural imperfections, grain
boundaries, and other defects is significantly higher in
the presence of carbon. The most notable difference was
observed at the lowest cooling rate considered: 5-10' K/s.
Without carbon impurity, the particle crystallized with
a much lower defect density (Fig. 2, ¢) than in the pre-
sence of carbon (Fig. 5, ¢). In the latter case, the structure
was almost indistinguishable from the structure obtained
during cooling at a rate of 10'2 K/s (Fig. 5, b). Carbon
impurity atoms, especially clusters of them, predomi-
nantly settled at grain boundaries and triple junctions.

[ ConcLusIONS

A study using molecular dynamics was conducted
to investigate the struc-tural formation during the crys-
tallization of austenite nanoparticles in the presence
of carbon impurity. The effects of melt cooling rate, par-
ticle size, and carbon atom concentration on the crystal-
lization process, resulting structural features, and crys-
tallization onset temperature were examined. It was
shown that the formation of a nanocrystalline structure
in nanoparticles can be controlled by varying the cool-
ing rate and introducing carbon impurity. In the model
used, at a cooling rate above 10" K/s, crystallization did
not occur; at a rate below 5-10'2 K/s, the austenite par-
ticles crystallized, forming a nanocrystalline structure.
Additionally, as the cooling rate decreased, the defect
density in the final structure also decreased. At a cooling
rate of 5-10' K/s or less, crystallization of carbon-free
particles resulted in the formation of low-energy grain
boundaries (with a high density of coincident sites: spe-
cial boundaries, twins).

The crystallization temperature at a cooling rate below
10! K/s is inverse-ly proportional to the particle diameter:
as the particle size decreases, the proportion of the free
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surface increases, which reduces the probability of crys-
talline nuclei formation. Additionally, the crystallization
temperature increases as the cooling rate decreases.

The introduction of carbon impurity led to a decrease
in the crystallization temperature of nanoparticles:
in the presence of 10 at. % carbon, the temperature
decreased by approximately 200 K for particles of diffe-
rent sizes. Carbon atoms often formed clusters consist-
ing of several atoms. These clusters distorted the forming
metal crystal lattice around them, hindering crystalliza-
tion. In the presence of carbon impurity, the final struc-
ture of the crystallized particles contained a higher den-
sity of grain boundaries and other defects. Carbon atoms,
especially in clusters, predominantly settled at grain
boundaries and triple junctions.
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