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SOME PROBLEMS OF CRYSTALLIZATION THEORY CONNECTED WITH
RESULTS OF SIMULATIONS

Results of simulations of nucleation and growth of metal crystals obtained in recent years are
considered. They are essentially contradicted with some fundamentals of classical crystallization
theory. In particular, crystallization theories do not take in consideration the real structure of
supercooled melts and size effects, which diminish the thermodynamic driving force for phase
transition to zero at sufficiently small nucleus sizes. As growth rates strongly depend on crystal size,
only simulating the systems with sufficiently large nanocrystals in initial conditions allows obtaining
the correct values of surface kinetics coefficients. Results of such simulations give an evidence of
changes in the crystal growth mechanism at large supercoolings. Under the conditions turns of clusters
in front of the crystallization zone contribute significantly to growth kinetics.

Keywords: cluster structure, nucleation, kinetics of crystallization, supercooled metals,
diffusion, interfaces.

HapoasiTeesi pe3ybTaTH 3 MOJE/IOBAaHHS NMpoLeciB 3apoJKeHHs] Ta POCTY KPHCTAIIB MeTaliB,
oTpuMaHi 3a ocTaHHi poxku. Bonm ¢axTHyHO cynepedaTh [JeKHM OCHOBAM KJIAaCH4YHOI Teopil
kpucranizanii. 3okpema, B Teopii kpucTandizanii He Oeperbcs 10 YBarm peajlbHa CTPYKTypa
NEePeoX0JI0/KeHHX PO3ILIABIB i po3MipHi edekTH, sIKi 3MEHIIYIOTh 10 HYJISl TePMOANHAMIYHY pyLIiliHy
cui1y Aasa ¢a3oBoro mepexoay Ipd JOCHTh Majaux posMmipax 3apoakis. IlIBuakocrti pocty cmibHO
3aje:KaTh Bil po3Mipy kpucTajiB, TIIbKM iMiTamisi cucTeM 3 JOCHTh BeJIMKMMH HAHOKPHCTAJIAMHU B
MOYATKOBHX YMOBAX /03BOJISIE OTPUMMATH BipHi 3HayeHHs Koe(iuieHTIB MoBepXHeBOI KiHETHKH.
Pe3yabTaTn MoJei0BaHHS AAK0Th BiAOMOCTI 11010 3MiH y MeXaHi3Mi pocTy KpPHUCTAJiB NPH BHCOKUX
NepeoxoJIoizkeHHsIX. 3a TaKHX YMOB NOBOPOTH KJjaacTepiB mepe] ()pOHTOM KpucTalizamii icToTHO
BILTHBAIOTH HA KiHETHKY PoOCTY.

KmrouoBi cioBa: xiactepHa CTPYKTypa, 3apOJDKEHHs, KiHETHKa KpHCTajli3alil, MepeoXoIo/KeHi
MeTaiH, Tudys3is, MixkdasHi MOBEpXHi.

IpuBoasiTes pe3yJbTaThl MO MOAeTHMPOBAHHMIO NPOLECCOB 3apOKACHHS] H POCTa KPHCTALIOB
MeTaJL10B, MOJYy4YeHHbIe 32 mocjaeanue roabl. OHN GakTHYECKH NMPOTHBOPEYAT HEKOTOPLIM OCHOBaM
KJIAcCHYecKoi TeopHH KpHCTALIM3anuu. B yacTHOCTH, B TeOpMM KPUCTAJIN3ALMH He NMPUHUMAETCS
BO BHHMAaHHe peajbHasi CTPYKTYPa NepeoxJIazkAeHHbIX PaciiaBoB U pasMepHble 3@ (eKThbl, KOTOpPbIe
YMEHBIIAIOT /10 HYJISI TEPMOANHAMMYECKYIO IBIKYIIYIO CHIY /ISt ()a30BOT0 Mepexo/ia Npu 10CTATOYHO
MaJIBIX pa3Mepax 3apoasbimeii. CKOpPOCTH pocTa CHIBHO 3aBHCST OT pa3Mepa KPHCTAJIOB, TOJIBKO
HMHTAIMSI CHCTEM € AOCTATOYHO OOJBIIMMH HAHOKPHCTAJJIAMH B HAYAJBHBIX YCJOBHUSX NMO3BOJISIET
NMOJIYYHTh TNpPaBWIbHbIE 3HA4YeHHs] Kod((PUINEeHTOB TIOBEPXHOCTHOH KHHeTHKH. Pe3yabTaTsl
MOJeJIMPOBAHMS JalI0T CBeJeHHs] KacaTelbHO H3MEHeHHHi B MeXaHM3Me POCTa KPHUCTANIOB NpPH
0obIINX MepeoxJiaikaeHHAX. B 3TUX yCHOBHSIX NOBOPOTHI KJIACTePOB IMepel  (PPOHTOM
KPUCTALTH3AIHH CYLIeCTBEHHO BJUSIOT HA KHHETHKY POCTa.

KnroueBble cioBa: KiacTepHas  CTPYKTypa, 3apOoXKIEHUE, KHHETHKAa  KpUCTaIM3alluHy,
NepeoXJIaKACHHBIE MeTAIUTEL, (G dy3ns, Mexda3Hble MTOBEPXHOCTH.
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1. Introduction and Details of Simulations

Crystallization processes such as nucleation and kinetics of solidification influence
the microstructure formation in materials. Understanding and knowledge of these
processes are important for the production of materials. Nowadays simulations by the
method of molecular dynamics (MD) describe properties of great number of materials
sufficiently correctly. Therefore, the results of crystallization process simulations are
worthy of the analysis and application for improving the technologies of material
production.

The crystallization of amorphous alloys occurs, as a rule, during a rather long-term
temperature annealing. It is unreal to simulate all stages of such processes by the MD
method. However, crystallization centers (CC) can arise for accessible machine time in
the model of supercooled melt alloy if the total concentrations of added components do
not exceed 10 at. % or in the case of intermetallic phase forming from the alloy melts of
suitable compositions.

We studied a structure formation in supercooled melts of pure metals and alloy
melts, appearance of crystallization centers (CC) and crystal growth kinetics. Models with
free surfaces were obtained in result of fusion of crystals with free surfaces
(16384, 131072 atoms) and quenching of liquids to temperatures of annealing. The
oblong crystal with periodic boundary conditions along one axis was set in initial
conditions for studying of growth kinetics of nanocrystals. A half of samples were made
amorphous artificially by repeated random displacements of atoms; a random distribution
of atoms of the second component was set. After the relaxation annealing the data of
simulations during the further annealing were periodically saved. The MD simulations
were fulfilled through applying programs for parallel computing, mainly, the LAMMPS
codes (large-scale atomic-molecular massively parallel simulator) with using the known
potentials of embedded type (EAM potentials). In addition, we can view many clusters of
different kinds. Identification of clusters was fulfilled with the help of LAMMPS
(compute cna/atom and pe/atom) and also programs for visualization VMD and OVITO.

2. Cluster Structure of Supercooled Melts

The time dependences of numbers of different clusters and energy of atom
interaction in supercooled melts were studied. For example, Fig. 1 shows the
concentrations of clusters in supercooled models of AlgNi;, melt alloy plotted versus
time. There are many different clusters in this melt alloy. Their measurable values depend
on limits for displacements of atoms from equilibrium positions and assumed dispersion
in orientations of atom bonds in different techniques. A relaxation time that is necessary
to come close to equilibrium concentrations of clusters and time of initial decrease of
potential energy to a stable value are roughly 40+60 ps. The cluster structure of the
models depends on potentials that are used. Sometimes there is a great many of
icosahedral clusters. If we take into account all atoms in such clusters, their number reach
the total number of atoms. It is clear that more stable icosahedral clusters (with smaller
interaction energy) cannot become the crystallization centers during their life. Therefore,
a fore-factor near the exponent in the classical equation for the rate of nucleation is
undoubtedly overstated. This leads to the overstating of the activation energy for atoms
joined into crystals or overstating of the crystal-melt surface tension which values are
often chosen for fitting experimental results in the framework of classical theory.
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Fig. 1. Changes of quantities of clusters during relaxation annealing of the Al-10Ni alloy;
a-T=500 K, b — T=650 K; e — FCC-clusters, o — icosahedrons, full lines are calculated by
Eq. N(#) = Nmax(1-exp(-#/7). The best fit of simulation data (lines) was obtained for the following
values of t: T =40 ps at T = 500K and t =15 ps at T = 650K in the case of the icosahedral clusters.

3. Nucleation and size effects

The formation of nuclei in metal melts under large supercooling differs essentially
from the classical scheme, which assumes the large possibility of appearance of very
small nuclei from several atoms. The results of simulations give an evidence of slow
ordering in some small area of pure or multicomponent supercooled melts (close to 1 hm)
without their growth up to the moment at which curved rows of atoms become nearly
straight (Fig. 2).

B ." ® - - 4 4 y My 3
Fig. 2. Successive images of the model, which show the consecutive stages of forming of the
crystallization center in AlsyNis alloy melt; T=1000 K, times of annealing: a— 77, b — 87, ¢ — 107 ps;
atoms Al are light grey, Ni — dark grey.

In multicomponent systems, the areas with atoms only of the main component
should exist for forming nuclei of initial crystals. Therefore, the rate of nucleation will be
minimal in the case of homogeneous distribution of atoms of added components. In the
case of presence of a component with very small diffusivity (we studied the alloy
Al-5Ni-2.7Y), the nucleus of aluminum, if it is formed, cannot grow as atoms of yttrium
(large grey atoms in Fig. 3) are practically immovable. The local radial pair distribution
function (RPDF) show that the nucleus structure is improved with time. However, the
total RPDF is typical for amorphous phase until the total volume of nanocrystals is less
than the volume of the amorphous phase.

84



A.S. Prokhoda, A. M. Ovrutsky

Determining the waiting times for the first nucleus appearing in the results of
examination of the volume of the models, we found that they are essentially smaller than
the times at which perceptible changes in internal energy of the system because of
crystallization become visible.
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Fig. 3. Structure formation in the model of alloy Al-5Ni-2.7Y [2],
Ni-atoms are the smallest, Y-atoms are the largest; icosahedral clusters are evolved by circles,
T=650 K, for a, b, ¢ — time t = 1600, 2500 and 3500 ps; d, e, f are the LRPDF from central part of the
CC; (g) is the common RPDF for t =3500 ps.

D R T —F 1
a0l 500 1000 1500 ¢ H2000
= et N e A () - 1
X;
— Y
o Y
405
£ 3
p !
ii .10 “"<‘k>.
-“‘\un-fn“-.
a B g(r) g (T)
-1.00 ' oo T —r T 1
R 500 1000 1500 2000
<
sy
405 e,
<
~
Yy
.10 4 S, "\Q‘,,.,\_w - hhh” S . ‘| |\ | |un\| ‘ L n
0 02 04 06 M g 02 04 06
b M"'\'-‘M‘-

Fig. 4. The time dependences of the internal potential energy [3] for the AlsyNisg system;
a—-T=1200 K; b - T=1100 K; a small mark ¢ marks the first nucleus appearance.

Fig. 5. Images of atoms from the central part of the growing crystallization center (a,b) and local
RPDFs from these areas (c,d) [3], T=1200 K, a — the crystal size (diameter) is 1.5 nm, b — 2.5 nm.

Analyzing the structure and internal energy of small crystallization centers, we
found that they are size dependent, the internal energy of crystallization centers per one-
atom decreases during their growth. The internal energy is such as in the amorphous
phase at the size of nucleus of order 1 nm (in diameter). This means that the
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thermodynamic force for crystallization, i.e. the difference of chemical potentials of the
amorphous phase and crystallization centers (CC) with the imperfect structure, is size
dependent also, and it goes to zero at diminishing size of nuclei. The free surface energy
is also size dependent; it also becomes negligible. The unstable nucleus can exist for
some time as the driving force for its dissolution is also very small. The thermodynamic
analysis of nucleation for such case was fulfilled in Ref. [1]. In addition, we found that
the rate dependences of small CC on their size are stronger than they can be predicted if
the Gibbs—Thomson shift to the relative supersaturation is taken into account only.

4. Surface kinetics
In accordance with Wilson-Frenkel theory, the dependence of crystal growth rate on
the supersaturation (o = Ap1/KT) for pure metals can be written as
0= [1-exp(-Auy /kT)] 1)
where B is the kinetics coefficient, Aur is the difference of chemical potentials of two
phases at the temperature T. The coefficient 35 can be expressed in terms of the diffusion

coefficient D of the liquid [4]: B, = 6f1aD/7L2 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. Authors [5] connected the kinetic coefficient with the average thermal velocity
(3I<T/m)1’2 to explain the results of simulations of crystal growth in the LJ liquid:

v = f,(3kT /m)"*[1—exp(-Ap; /KT)], )
where f, is a constant, close to 1.
We have determined the growth rates and diffusivities of pure metals: Al, Ni, and
Cu in the wide temperature intervals. Figure 6 shows the results obtained for Ni and Cu.
The differences of chemical potentials of two phases were calculated according to the
equation Ap = AH (1 - (T/T;)*)/2 which fits better such dependencies [1] than the
Spaepen equation. In the wide temperature ranges, Arrhenius law cannot fit the diffusion
coefficients. The dependences InD on 1/T show it unambiguously. It is connected with
strong changes in structure during the glass transition. At low temperatures, the D(T)
dependences correspond to essentially smaller activation energies; it is connected most
likely with a change of diffusion mechanism.
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Fig. 6. Simulated growth rates (points) plotted versus the temperatures and calculated data,
——— —by Eq (2); — -by Eq.1 with real diffusion coefficients: ----- —by Eqg.1 with the Arrhenius
dependence D(T).
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The full line in Fig. 4 shows the values calculated according to Eq. (1) with f; = 8.5
for Ni and f; = 14 for Cu; the dotted lines are calculated by Eq. (1) with using the
dependence D(T) of Arrhenius type with parameters determined at high temperatures; the
dashed lines are calculated by Eq. (2) with f, =0.8 and 0.5. The Eq. (1) fits calculated
rates near the melting points because we used too high values of the coefficient f; At the
middle and low temperatures, both theories fall. Studying the interface structure of
growing crystals gives evidence that the main contribution to the growth rates at low
temperatures is provided by attachments of clusters existing in front of the interface after
their turns or changes in their structure.

5. Conclusions

Thus, a bimolecular model of nucleation does not take in consideration the real
structure of supercooled liquids and real structure of small nuclei, i.e. size effects, which
diminish to zero the thermodynamic driving force for phase transition at sufficiently
small nucleus size. The cluster structure of liquids limits the number of possible places
for forming of nuclei and limits the growth rate of small crystallization centers. The
growth rate of crystals depends strongly on their size. Only simulating the systems with a
sufficiently large nanocrystal in initial conditions allows obtaining the correct values of
the surface kinetics coefficients. Crystal growth mechanism changes at increasing of
supercoolings of melts. The classical Wilson-Frenkel model is not able to describe the
temperature dependence of the Kkinetics coefficients on a quantitative level. The
Broughton, Gilmer, and Jackson equation is valid only at the temperatures close to the
melting point (not lower 100+200 K). Turns of clusters in front of crystallization zone
contribute significantly to growth Kinetics at large supercoolings.
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