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THE GROWTH KINETICS OF METALLIC CRYSTALS.
RESULTS OF SIMULATIONS

The correct values of the surface kinetics coefficients were obtained for systems of
Al, Cu, and Ni metals at sufficiently large sizes of nanocrystals in initial conditions.
The simulation based on the molecular dynamics method was performed with applying
our program for parallel computing and the LAMMPS program. We used the potentials
of the embedded atom type. We applied NVT ensemble, but the volume of samples was
not constant as they had free surfaces (they were smaller than the main cell). Our
results showed that the classical Wilson-Frenkel model was not able to describe
quantitatively the temperature dependence of the kinetics coefficients, and the
Broughton, Gilmer and Jackson equation was valid at temperatures close to the melting
point, not lower than 100 - 200 K. The temperature dependencies of the diffusion
coefficients for these metals in the supercooled liquid state were analyzed.
Discrepancies in the results of our simulation and the literature data were discussed.
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HosydyeHbl KOPPEeKTHBIC 3HAYEHHS KOI(PPHUIHEHTOB NOBEPXHOCTHOH KHHETHKHU AJ5
cucteM MeTtamiaoB Al, Cu, u Ni npu 3agaHuMm CpPaBHHTEJbHO OOJbIIMX pPa3MepoB
HAHOKPHCTAJJIOB B HAa4YaJbHbIX ycJd0BUAX. MoJeJHpoBaHHe MO MeTOAY MOJeKYJAPHOii
AMHAMHKH OBIJIO BBINMOJHEHO ¢ MPHMeHEeHHEM Hamlell MpOrpaMMbl AJsi HapajjaelbHBIX
BplyucjgeHuii u mnporpammbel LAMMPS. Bbplin HCHONB30BaHbI NOTEHUHAJABI THIIA
“morpy:xeHHoro” aroma. Mpl npumensaaun NVT ancam0ab, HO o0beM 00pa3umoB He Obla
MOCTOSTHHBIM, MOCKOJBbKY OHH HMeJH CBOOGOJHYI0 NMOBePXHOCTh (OBIIM MeHBbINE, YeM
ocHOBHasf siueiika). Hamm pe3yabTaThl moka3ajau, 4To Kjaaccudeckass Teopusi Buascona-
®peHkeJis He B COCTOSIHMM KOJHMYECTBEHHO ONHCATHL TeMNepaTypHYI 3aBHCHMOCTHb
KHHeTHYeCKHX Ko3ppuuueHTOB, a ypaBHeHue bpoyrxrtona, I'mamepa u J[Ixkekcona
cIpaBelJIUBO NMPH TeMOepaTypax, 0JM3KHX K TeMmepaType mJjaBjeHusi, He Huxke 100 -
200 K. ITpoanaau3upoBaHbl TeMOepaTypHble 3aBUCUMOCTU KodppuunentoB audpdpysnn
AJdSl YKa3aHHBIX MeTAJIJIOB B MePeOoXJa:KIeHHOM IKHAKOM cocTosHuH. OOcyKaeHBI
Pacxo:kJeHHS MeXAYy Ppe3yJbTaTaMH HAaMIero MOJeJHPOBAHHA W JHTEPATYPHBIMH
JaHHBIMH.

KnwuyeBble cioBa: KHHETHKAa KPUCTAJNH3alUM, TEPEOXJaXJCHHBIE METalllbl,
nudohysusa, mexpasHpie TOBEPXHOCTH.

OTpuMaHi KOpeKTHi 3HaYeHHs Koe(iunicHTIB MoBepXHeBOi KiHeTHKH AJsI CHCTeM
meTatiB Al, Cu, Ni 32 nopiBHSIHO BeJHMKHX PO3MipiB HAHOKpPHCTAJiB B NMOYAaTKOBHX
ymoBax. MoJaedBaHHS 32 MeTOAOM MOJEKYJSAPHOI AHMHAMiku O0yJ0o BHKOHaHO i3
3aCTOCYBAaHHAM HamoOi mNporpaMu JJsd napajejbHUX o0yucieHb i nporpamu LAMMPS.
Byau BukopucraHi moreHuniaaum tuny "3anypenoro" aroma. Mu 3acrocoByBaau NVT
aHcamM0Jb, OfHAaK 00’eM 3pa3kiB He OyB NOCTiiHMM, OCKiJIbKH BOHHM MaJH BiJdbHY
NMOBEPXHIO (0yam MEHIIHMHU 3a OCHOBHY KOMIipKYy). Hami pe3yJabTaTH
NpoOAeMOHCTPYBaJH, W0 KJAacH4YHa Teopia BiabcoHa-®peHkejss He B 3M03i KiabkicHO
ONMCATH TeMNepaTypPHY 3aJleKHicTh KiHeTHYHHX KoedinieHTiB, a piBHsAHHA Bpoyrxrona,
linmepa i [I:kekcoHa € cnpaBelJIMBHM 3a TeMmepaTryp, OJM3BKHX A0 TeMIepaTtypH
njaBjgeHHsi, He Hux4ye 100 - 200 K. IIpoananizoBaHi TemmepaTypHi 3ajesHocTi
koepinientiB audys3ii aaa nDHUX MeTadiB y MNepeoXoJIOAKEeHOMY pigkomMy cTaHi.
OOrosopeni po30iskHocTi Misk pe3yJabTaTaMH HAIIOIO MOJCJAIOBAHHS Ta JiTepaTypHHMH
AaHHUMH.

KawuoBi caoBa: kiHeTuka KpucTaiizauii, mnepeoxoyojxeHi Mertanu, audysis,
Mixda3Hi HOBepxXHi.
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Introduction

The kinetics of solidification controls the microstructure development of materials.
It is therefore essential to have detailed understanding and knowledge of the kinetics
during solidification of melts for improving production of metallic materials. To match
the value of the surface kinetics coefficient, intensive convection was ensured by electro-
magnetic devices in some experimental works.

It is known long ago that the surface kinetic coefficient B in the ratio Br= v/AT (v is
the growth velocity, AT = T, =T, T\, - is the melting temperature) is the value of order
1 m/(s-K) for pure metal at the temperatures near the melting point Ty, [1-3]. In the large
temperature intervals it is better to consider the dependence of growth velocity on the
surface supersaturation v(c) (o= Ap/kT is the relative supersaturation). In accordance
with Wilson—Frenkel theory [4,5] this dependence for a pure material can be written as

v =Bs[1-exp(-Apr /kT)] (1)
where [ is the kinetics coefficient, Aur is the difference of chemical potentials of two

phases at the temperature T. Furthermore, the coefficient B; can be expressed in terms of
the diffusion coefficient D of the liquid [6]:

B, =6faD /2> )

where A corresponds to an elementary diffusive jump distance of particles in the liquid, a is
the interatomic distant, prefacor f; represents the fraction of collisions with the crystal that
contributes to the growth of the crystal. It is assumed that the diffusion coefficient can be
expressed by an Arrhenius law, D=Doexp(—Q/kT). However, some experimental data for
pure metals (see Ref. [7]) allow arguing that their crystallization is not thermally activated.

Fedorov [3] had listed in his book some results of known experimental data concerning
the kinetics coefficients for growth of metal crystal from pure melts and the coefficients of
self-diffusion in these melts. After re-counting of Br to B, we can see that these values are
much greater than ones that can be evaluated according to Eq. (2) at f; =1. But the sizes of
growing crystals and surface supercoolings are not known exactly at measurements of
experimental velocities. These quantities are known exactly at simulations.

In recent years, MD simulations have been applied extensively to study kinetics and
thermodynamic properties of crystal-melt interfaces. It is important that nowadays
simulations give values of many physic-chemical properties, including diffusivity that
coincides well with the experimental values. The results of simulations for the Lennard-
Jones liquid [7], for Cu and Ni [8] and for gold [9], did not confirm the dependence (1) for
the surface kinetics. The kinetics coefficients calculated on the base of previous simulation
results differed essentially from estimations on the basis of Wilson-Frenkel theory. For
example, the authors of [9] have obtained the values Pri90=18.8%£1.0 cm-s 'K
Br110=12.6£1.0 cms 'K and Br111=7.0£1.0 cm-s 'K for different orientation of gold
crystals. The authors of [10] have obtained for Ni-crystals significantly smaller anisotropy
and somewhat higher values of Br for low index {100}, {110}, and {111} interfaces:
BT100:35-8j:22, BT110:25.52|:1.6, and BT111:24.1Z|Z4.0 1n units OfCI’Il/(S K)

The authors of [7] connected the kinetic coefficient with the average thermal
velocity (3kT/m)"? to explain the results of simulations of crystal growth in the LJ liquid:

v=f,(3kT /m)"/*[1 - exp(-Apy / kT)] 3)

where f, is a constant of the first order.
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Later, Mikheev and Chernov [11] have developed the density functional theory of
freezing for the case of crystal-melt interface, which is rather diffuse on atomic scale.
They proposed estimation, v=(kT/m)"> AT/T, after simplifications of their results.

In this work, we present the simulation results concerning the growth of metal
crystals from pure melts. The data are obtained in the large intervals of supercooling,
including the growth from the amorphous state. In addition, we consider the size effect in
crystal growth, i.e. the dependence of growth velocity on the crystal size. Our models
have free surfaces and contain sufficiently many atoms.

Details of the simulation

The MD simulations were fulfilled using our program for parallel computing and the
LAMMPS codes (large-scale atomic-molecular massively parallel simulator) [12]. In the
case of LAMMPS, we included into the data file the tables of EAM potentials conversed
by C.A. Becker (see http://www.ctcms.nist.gov/potentials/) into the dynamo format (each
table from 10000 points). In our program, the EAM tables from 5000 point each were
used. Parallel calculations were fulfilled by means of Graph processors (NVIDIA graphics-
cards) with the help of GPU software included in LAMMPS and CUDA software.

All simulations employed the Verlet algorithm [13] with a time step of 1.5 fs. The
weak thermostating for isothermal annealing was chosen in all cases; in our program, a
multiplier to velocity of atoms was 1£0.001sqrt(|T-T¢|/T) (T is a instantaneous
temperature, T; is the set temperature, sign “+” if T<Ty).

We applied NVT ensemble (constant number of atoms, volume of the main cell, and
temperature), but the sample volume was not constant as they have free surfaces (were
smaller than the main cell). The first step before simulations was preparing of samples for
simulations. Initial form of models was created in the auxiliary program. All atom
coordinates were passed in LAMMPS or in our program, and their melting was
accomplished (fully or partly). Two forms of samples were prepared. Kinetics of growth
of small crystallization centers (after nucleation) was studied in spherical samples with a
free surface (nanodrops of 16384 atoms). They were formed in a result of fusion of an
ideal crystal given in initial conditions at a temperature above the melting temperature in
100-200 K over a period of time >50 ps. Then they were quickly (1-2 ps) cooled to the
chosen temperature of annealing (to obtain statistics for “one” temperature, the set
temperatures for annealing were different slightly, 0.1 — 0.2 K). For analyzing the results
of simulations, we use the program that enables viewing with the step in one angstrom all
sections of the model with coordinates of atoms from saved files. The strong dependence
of growth velocities on the size of crystallization centers was found in [14].

To study growth kinetics of nanocrystals, oblong samples (of 32768 atoms) in the
form of cylinder with the structure of crystal phase were set in initial conditions (periodic
boundary conditions along one axis were applied). Then their larger part was transformed
into amorphous state by the way of many random displacements of atoms with further
quick heating above melting point and then quick cooling to the chosen temperature. The
nanocrystals of 5-7 nm in size (for them, the size effect is not as essential as for small
crystallization centers) with initial interfaces of (100), (110) or (111) crystal type were
able to grow at the constant temperature.

In addition, we can view many clusters of different kinds. Identification of clusters
was fulfilled with the help of LAMMPS software or in results of procedure running, which
determined the number of nearest neighbors and angles with nearest neighbors for every
atom, and gives a color for atom visualization dependently on a cluster type (see Ref. [14]).
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The values of the diffusion coefficients for Al and Ni and Cu at different
temperatures were determines by measurements of mean-square displacements of atoms
for the same potentials, which were used for studying of growth.

Results and the discussion

Relaxation processes occur in the supercooled melts after setting a certain
temperature for annealing. The waiting time for appearance of crystallization center is
larger than the time of relaxation. However, the measurements of growth velocities in
oblong specimens should be fulfilled after the structure relaxation. The results of
simulations for determination of diffusivity in melts of metals and growth velocities with
using modern potentials are in a good agreement with experimental data. Therefore, a
quantitative comparison of such data with predictions of theories is already opportune.
The table 1 contains simulated and experimental data on kinetic coefficients Br and s at
the melting temperatures, the values of magnitudes D, and activation energy Q, which
determine the temperature dependencies of the diffusion coefficients, and the values of
the coefficients f; and f, that are chosen for best fitting of kinetic coefficients by Egs. (1)
and (3). It is necessary to note that the values of Dy and activation energy Q are
determined for not terrific supercoolings of liquid — roughly up to 200 K. Data of Ref.
[19] give an evidence of the Arrhenius type dependence (constant Q) for copper in the
large temperature period. It is unlikely as essential changes in a structure of materials take
place near the glass-transition temperature.

Table 1
The simulated and experimental data on Kinetic coefficients By and 3, at the melting temperatures,
the values of magnitudes Dy and activation energy Q

Material | Br.m/(sK) Bs, De*10°, | QK | AH,K | Tn.K f, f,
m/s (m?/s)
Algim 0.50+0.02 369 4.45 2617 1288 975 6 0.3
(our)
Nigim 0.30+0.02 366 7.5 5480 2075 1600 9 0.475
(our)

0.39[15] 549 8.6[15] | 5751 | 2098 1718 | 69 | 0.64
[15]

Nieyp 0.2116] 284 7.7 [17] 5499 2098 1728 3.36 0.33

Cusim 0.65 (our) 592 4.5 3600 1301 1175 12 0.8

Cueyp 1.58 [18] 2149 5.7[19] 3883 1352 1356 29 2.96

It is clear that Eq. (3) approximates better the values of the kinetics coefficient near
the melting temperature (the value of f» is closed to 1). Fig. 1 shows the temperature
dependences of the growth velocities for Ni, Al and Cu obtained as results of simulation
and also the curves calculated according to Egs. (1) and (3) with prefactors that give the
best fit at the melting point. We calculated the difference of chemical potential of two
phases according to the equation Ap=AH (1— (T/Tp?)/2 which fits better such
dependencies [14] than the Spaepen equation. The full lines in Fig. 1 give the temperature
dependence of velocities calculated according to Eq. (1).

The dotted lines in Fig. 1 show the temperature dependence of velocities calculated
according to Eq. (3). Those and other lines go close to the experimental dots near the
melting point because the coefficients fi and f» are chosen from such condition. However,
the coefficients fi is too large in comparison with (1). Analyzing the temperature
dependences of growth velocities, we see that the Wilson-Frenkel theory with such great
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coefficients, fi~10, fits better the calculated data in wide temperature intervals. Thus, the
simulated data concerning the growth velocities in the large temperature intervals give
evidence of the thermo-activated growth.
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Fig. 1. The simulated growth velocities of single crystals and calculated data.
Full lines are calculated according to the Wilson-Frenkel theory; dotted lines are calculated according
to the Broughton, Gilmer and Jackson equation.

Conclusions

The Broughton, Gilmer and Jackson equation for the evaluation of growth velocities
is valid at the temperatures close to the melting points (not lower than 100-200 K from
them). The simulated data concerning the growth velocities in the large temperature
intervals give nevertheless an evidence of the thermo-activated growth. However, the
values of the kinetics coefficient are much larger that is predicted by the Wilson—Frenkel
theory for pure metals. For definitive conclusion about temperature periods, in which the
first or second theory works better, it is necessary to carry out a careful study of
diffusivity for these metals in the large temperature intervals and determine the
temperature dependences of the activation energy Q.
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