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TOPICAL PROBLEMS OF THE NUCLEATION KINETICS AND MASS
CRYSTALLIZATION OF SUPER-COOLED MELTS AND SOLUTIONS

The paper contains a short list of the nucleation and mass crystallization classical characteristics of super-
cooled melts and solutions. There are given the basic problems of this kind of phase transformation and the
principles the team of the Department of Physics and Physical Material Science of the Donbas National
Academy of Civil Engineering and Architecture followed in their investigation. There was created a cluster-
coagulation model of crystallization based on the following stages: nucleation, nucleus coagulation, growth
and coalescence. A crystallographic table of the chemical elements was developed, with phase transformations
in the condensed state being specified. This table served as the basis for the cluster-coagulation model
development.

nucleation kinetics, mass crystallization, super-cooled melts, super-cooled solutions, interrelationship between
crystal structure and liquid phase

A lot of information on crystallization, both in the form of specific investigations of this or that substance
and in the form of the monograph summaries, has been stored; its only listing would take a sufficiently large
place. Its analysis gives an accurate account of the functional mechanisms of mass crystallization and mono-
crystal growth and of the scientifically substantiated control of a structure and solid phase properties.
Nevertheless, these very papers are indicative of numerous contradictions in the results obtained for the same
substances with the use of different methods and techniques which means that there is no systematic approach
to the investigation of different substances taking into account the periodicity of the molecular and crystal
structure, polymorphism, isomorphism etc.

The crystallization process consists of a series of successive phases: nucleation, nucleus growth, coalescence
of nuclei and the so-called mass crystallization. The mechanisms of each phase of solidification are well known
[1].

The nucleation theory on the crystallization of melts was created by Gibbs, Volmer and Kossel [2]. Tt is
based on the assumption that as a result of fluctuation in the super-cooled phase the energy barrier of
nucleation conditioned by crystal surfacing can be overcome.

Keeping in mind these assumptions and the theory of the absolute rate of reactions, Tornball and Fischer
[3] derived a classical formula for the nucleation rate

I=(UV)dN|dt=(NKT Ih)exp(~(AG +AG, )/ nkT ) )

Rate I shows a number of nuclei generating of N non-crystallized molecules per second as a result of a
single act of crystallization, k is the Boltzmann constant, / is the Planck constant, z is the number of molecules
in a nucleus. The second member in the exponent of equation (1) is the free energy of activation AG, of the
processes of crystallizing element diffusion through a phase boundary for a short distance.

For vitrification-prone substances, AGn is found from formula AG, = kT (a+b/(T -T,)), where a, b — const, T,
is the vitrification temperature.

The quantity AG specifies the Gibbs energy change when a critical nucleus is generated. The difference of
the Gibbs energies AG of the coexisting phases is indicative of the direction of the phase transformation and
is equal to the work of a new phase formation, for example, in the transition melt (L) — crystal ()
(4, =|AG |=|G, - Gj)).

In the expansion of function AG = AG(AT ’) into a series, the following equation is derived:
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where C, ,C, — are heat capacities of solid and liquid phases.
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This work for a critical nucleus size [ of a cube-shaped crystal stable to a further growth is equal to
A, =320 | Ayl =3207% I T} 1 p°AH, (AT ") and the critical nucleus size itself is equal to:

[, =405 | My, =40y T, | p AHG AT, 3)

where Ap, is a chemical potential change in a phase transformation, o, is the inter-phase surface energy on
the melt-crystal boundary, T, and AH,, are melting temperature and enthalpy, p is density, AT" is a pre-
crystallization super-cooling.

Another important kinetic characteristic is mass crystallization and the related degree of crystallinity n

which is dependent on the nucleation rate 1 = l‘i{—N (V = volume, N — number of nuclei), nucleus growth rate
t

v, incubation period t,, degree of super-cooling AT".
The macroscopic description of the dependence of the degree of crystallinity n on time ¢ was given by
Kolmogorov, Johnson and Mall Avrami. The Avrami-Kolmogorov equation

n

n:l—exp[—Z(l—Tl) :|, (4)
allows calculating a relative part n of crystallized volume with respect to the whole volume V of a substance:
n=Vv,/V. (5)

Crystallization constant Z s related to nucleation rate I and nucleus growth rate v. For example, for crystal
nuclei Z = Iv®. The Avrami index n characterizes the crystal morphology and the type of crystallization.

Mass crystallization from melts was being theorized on the base of the data obtained for metals and their
alloys. This theory is roughly applied for other systems too, both in solidification from melt and for
crystallization from melt, vapor and amorphous medium. But in any case, one of the main stages of
solidification — the nucleation stage — is scantily known because it is hardly possible to directly observe
nuclei, especially in opaque solid substances. That is why in our research of mass crystallization a special
attention has been paid to the nucleation issues.

In our research we tried to follow the following concepts:

— investigation of the kinetics of real nucleation and mass crystallization in dependence on the degree of
liquid phase super-heating and super-cooling, heat removal velocity, external actions and clearing-up of
some important moments of this complex process as applied to different substances has been always an urgent
scientific and technical problem since the crystallization conditions are of decisive importance in the formation
of the nano-, micro- and macrostructure of crystals and determine their quality and physical-technical
properties;

— in the experimental investigations of the kinetics of crystallization of different substances the complex
(thermal, X-ray diffraction, optical and other) and systematic studies are to be carried out in the same
conditions and the all-round expansion of the nomenclature of the materials (from the simple to complex
ones) under study is needed,;

— analysis of the research results and development of the ideas on the crystallization of different systems
are to be performed from unified positions, namely on the base of the cluster-coagulation model of
crystallization suggested and developed by the author in numerous publications. This model is based on the
cluster structure of a liquid phase both above and below the temperature of melting. In the process of super-
cooling, crystalline nuclei are generated from clusters; these nuclei store up and then coagulate with each
other.

All these taken together presuppose an account of various phase transformation and a close
interrelationship between a solid body structure and a liquid phase structure.

When dealing with the problem of solid and liquid state of chemical elements, Mendeleev's periodic law
and the structural-crystallographic table of the chemical elements created by the author [4] 4 were taken as
the base for analysis and generalization.

Analysis of the structural-crystallographic table resulted in the following conclusions:

— at temperature of chemical element melting the high-temperature modification melts. This very
modification is formed in the inverse process, i. e. on crystallization,;

— in a small zone of melt super-heating above melting temperature, clusters resembling the structure of a
high-temperature crystalline modification survive.
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As super-heating increases, the short-range order rearrangement takes place in melts and as a result of this
different kinds of crystallization (from quasi-equilibrium to non-equilibrium-explosive one) might be
observed in cooling;

— on the base of the structural-crystallographic table one can predict new modifications in some chemical
elements, a «queue» of polymorphic transformations as temperature and pressure change as well as structural
rearrangements of clusters in a liquid phase.

The thermodynamic treatment of crystallization is based on the analysis of the dependence of the Gibbs
thermodynamic potential G (Gibbs free energy) on temperature, pressure, concentration etc. In Figure 1 is
shown the dependence of the Gibbs energy for crystal G and for melt G, on temperature T for an equilibrium
phase transformation taking place at melting temperature T, Temperature changing to this or that side of

T, the difference of the Gibbs energies AG= G, — G, reverses sign. At T> T,, AG> 0 a liquid phase is stable,
and at T<T, AG<0 asolid phase is stable. Such a phase transition, taking place in point T, without super-
coolings (AT = 0), is equilibrium. In this case, on cooling the melt, the curve G(T) will proceed the path abe
(Figure 1).
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Figure — Dependence of Gibbs energy G on temperature T for solid G and liquid G, phases.

But under definite conditions, deviations from the specified equilibriums can be observed for the same
substances. There are known the effects of crystal super-heating on melting and a considerable super-cooling
of a melt on crystallization. In the latter case the Gibbs energy G will proceed the path abcdbe as the melt
cools. The range of temperatures from T, up to the crystallization onset T is called a pre-crystallization physical
super-cooling AT, =T, -T,, and the hqurd state in this range is meta- stable.

The super-cooling quantity is taken into account at the analysis of different thermodynamic and kinetic
characteristics of phase transformations: nucleation work, critical dimensions of nuclei and nucleation rate,
crystal growth rate, degree of crystallinity and mass crystallization constant. So, the first priority task in the
investigation of the crystallization kinetics is the investigation of super-coolings and their being influenced
by different factors (thermal prehistory of melts, testing conditions, external actions, impurities etc.).

The basic techniques of studying super-coolings as well as thermal effects under phase transformations
are the thermal ones. Of prime importance are the methods developed by the author and his colleagues,
which include the method of the cyclic thermal analysis (CTA) with a special sensitivity of thermocouples
[5] and a combined method of the CTA and differential thermal analysis (DTA) [6], the method of
determining a heat-accumulating material in the form of a mixture of crystalline hydrates on the base of the
diagram states [7]. These methods proved to be effective in revealing quite a number of new endo- and
exothermal effects described in [8].
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B. /I. AJIEKCAH/IPOB

AKTYAJIBHI IPOBJEMU KIHETUKU 3APOJIKOYTBOPEHHSA 11 MACOBOT
KPUCTAJII3AIITI IEPEOXOJOKEHNX PO3IIJIABIB I PO3YMHIB
Jonbacbka HallloHaJbHA aKajeMist OyAiBHUITBA i apXiTeKTypH

[ToBiTOMJIEHHS CKIQ/IAETHCST 3 KOPOTKOTO MEPENTiKy KIACMYHUX XapaKTEPUCTUK MPOIECIB 3aPOKOYTBOPEHHS
i MacoBoOi KpucTadizailii mepeoxoIoIKeHnX PO3MaaBiB i po3unHis. HaBemxeHo 0CHOBHI po6IeMHu bOTO
(hazoBoro nepexoy it IPUHIUIH, SKUX TOTPUMYETHCS Y CBOIX TOCJIKEHHSX KOJIeKTHB Kadenpu dizuku it
(ismuHoTO MaTepianozHaBcTBa JJoHOaCchKOI HallilOHANIBHOI akageMil OyAiBHUITBA i apxiTekTypu. Po3pobiieno
KJIACTEPHO-KOATYJISIIIHY MOJIesIb KPUCTATi3allil, sika 3aCHOBaHA Ha HACTYITHUX €Tarnax: 3apO/IKOYTBOPEHHS,
KOATYJISAIIS 3aPO/IKIB, iX picT i 06’exHamtss. Po3pobieno kprcTaiorpabidny TabaHIio XIMIYHIX eTEMEHTIB i3
BKa3iBKOIO (ha30BUX MEPETBOPEHD ¥ KOHIEHCOBAHOMY CTaHi, Ha OCHOBI sIKOi HaGyBasa PO3BUTKY KJIaCTEPHO-
KOaryJIAIifHA MO/IEeJb.

KiHETHKa 3apO/IKOYTBOPEHHS, MACOBa KPUCTAJI3allisl, I€PEOX0JIO/’KEeHi PO3ILIABH, IIEPEOX0JI0/’KeH] PO3YHHH,
B3a€MO3B’ I30K CTPYKTYPH KPUCTAJIB i pizikoi ¢as3u

B. [I. AJIEKCAH/IPOB

AKTYAJIBHBIE TPOBJIEMbI KUHETUKN 3APO/IBINIEOBPASOBAHUA 1
MACCOBOW KPUCTANJIN3AINN ITEPEOXJIAX/JEHHBIX PACIIJIABOB U
PACTBOPOB

HMoubacckas HAIMOHAIbHAS aKAJEMUST CTPOUTENHCTBA M APXUTEKTY PbI

B cooluieHun JaH KpaTKuil mepedeHb KJIaCCHIECKUX XaPaKTEPUCTHK MPOIECCOB 3aPOAbINIe00Pa3OBaHUS U
MacCOBOI KPUCTANNM3ANUK MePEOXTaKAEHHBIX PACIJIABOB M PacTBOPOB. IlepevynciieHbl OCHOBHBIE
npo6eMbl JaHHOTO (Ga30BOTO TIEPEX0/a U MPUHIUIEI, KOTOPBIX IPUACPKUBACTCSA B CBOUX MCCAEIOBAHIAX
KOJLJIEKTUB Kadeapsl GUsuku u GU3NIeCKoro MaTepranoseaerns JJonbacckoil HaMoHaIbHON aKa eMIn
CTPOUTENBCTBA U APXUTEKTYphl. PazpaboTana KIacTepHO-KOATYMSIIHOHHAS MOIENb KPUCTAIIN3AIHH,
KOTOpas OCHOBaHA Ha CJEAYIONINX JTAMaX: 3apO/AbIeoOpa3oBanme, KOATYJISINS 3aPOBIIIEH, UX POCT 1
caustane. PaspaboTtana kpucTajiorpadudeckas Tabiauia XAMAIECKUX 9JIEMEHTOB C yKa3aHueM (ha3oBbIX
HmpeBpalieHnii B KOHIEHCHUPOBAHHOM COCTOSIHMH, Ha OCHOBE KOTOPOW pa3BMBaJach KJIaCTEPHO-
KOATYJISIITUOHHAST MOJIEJTb.

KUHETHKa 3apo/biNie00pa3oBaHus, MaccoBas KPUCTANIM3alus, MepPeoxjakIeHHble PacIaBbl,
nepeoxJaK/IeHHbIE PACTBOPbI, B3aUMOCBS3b CTPYKTYPbI KPUCTAJLIOB U SKHAKOH (ha3bl

Anexcanzipos Basepiit JIMuTpoBUY — 0KTOP XiMiYHUX HAYK, TIpodecop, 3aBimyBau kadeapu ¢isuku i pisuunoro martepia-
so3HaBcTBa JlonGackKoi HalioHaJIbHOI akaaemil OyaiBHUITBA i apxiTekTypu. HaykoBi inTepecu: aHaui3 (hisnKo-XiMidHUX
OCHOB KiHETHKH IIPOIleCiB KPUCTAIi3allil peYOBUH: 3aPOJIKOYTBOPEHHS, POCTY KPUCTAJiB, MAaCOBOI KpUCTai3allii A1 OTpU-
MaHHST MaTepiajiB 3 HaNEPeA3a/IlaHOI0 CTPYKTYPOIO Ta BJIACTUBOCTSIMMU.
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Anexcanznpos Banepuii JIMurpueBuy — 10KTOP XUMUYECKUX HAYK, Tpodeccop, 3aBeayoniuit Kadeapoit pusuku u husu-
4eCcKOro MarepuaioBeerust JloH6ACCKOl HAIIMOHATILHON aKaJeMUK CTPOUTEIbCTBA U apXUTEKTYPbl. HayuHbie uHTEpECHL:
u3ydenne HU3NKO-XUMUIECKUX OCHOB KWHETHKHU TIPOTIECCOB KPUCTAUTM3ANNHN BEIIECTB: 3aPOABIITEe00pa30BaHUs, POCTa
KPHCTAJJIOB, MAaCCOBOH KPHUCTAJIN3AINY IS TIOJydeHUsT MaTePHaJIOB ¢ HallepPeA3aJaHHOI CTPYKTYPOH U CBOMCTBAMU.
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