
The effect of heterogeneous structure of glass-forming liquids on
crystal nucleation☆,☆☆

Alexander S. Abyzov a,⁎, Vladimir M. Fokin b,c, Nikolay S. Yuritsyn d,
Alisson Mendes Rodrigues c, Jürn W.P. Schmelzer e

a National Science Center Kharkov Institute of Physics and Technology, 61108 Kharkov, Ukraine
b Vavilov State Optical Institute, ul. Babushkina 36-1, 193171 St. Petersburg, Russia
c Vitreous Materials Laboratory, Department of Materials Engineering, Federal University of São Carlos, UFSCar, 13.565-905 São Carlos, SP, Brazil
d Grebenshchikov Institute of Silicate Chemistry, Russian Academy of Sciences, nab. Makarova 2, 199034 St. Petersburg, Russia
e Institut für Physik der Universität Rostock, Albert-Einstein-Strasse 23-25, 18059 Rostock, Germany

a b s t r a c ta r t i c l e i n f o

Article history:
Received 14 October 2016
Received in revised form 30 January 2017
Accepted 7 February 2017
Available online xxxx

A model for the description of crystal nucleation is proposed incorporating into classical nucleation theory con-
cepts of spatial heterogeneity of glass-forming liquids. It is assumed that nucleation processes may proceedwith
detectable rates only in liquid-like (soft) regions and are suppressed in solid-like (rigid) parts. Determining ap-
propriately the fraction of liquid-like solid-like regions in dependence on temperature this approach allows
one to achieve a satisfactory agreement between classical nucleation theory and experiment not only at relatively
high temperatures but also at temperatures lower than that of the nucleation rate maximum. The model was
tested successfully on several silicate glasses revealing homogeneous volumenucleation. Someother phenomena
in the interplay of crystallization and glass transition are also discussed giving an independent verification of the
validity of our basic assumption.
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1. Introduction

A deep understanding of the crystallization kinetics of glass-forming
liquids is essential in different aspects. For example, first, the knowledge
of the crystal nucleation and growth rates is required either to avoid
crystallization during glass preparation or to control crystallization in
glass-ceramics development and production. Second, the high viscosity
of glass-forming liquids makes them almost ideal systems for detailed
experimental studies of nucleation and growth kinetics. These experi-
mental data can be used then to test the validity and predictive power
of phase transition theories also beyond the particular application.

The first measurements of nucleation rates in oxide glass-forming
liquids were performed about fifty years ago by Ito et al. [1] and
Filipovich & Kalinina [2]. In the following decades, a plethora of experi-
mental data on crystal nucleation kinetics has been accumulated and a
deep understanding of this process has been reached. For the descrip-
tion of crystal nucleation, the classical nucleation theory (CNT) has
been predominantly employed. According to CNT, the interplay

between the effective diffusion coefficient, D(T), of the “structural
units” controlling the kinetics of formation of critical nuclei and the
work of critical cluster formation, Wc(T), representing the thermody-
namic barrier for nucleation, results in a maximum of the steady-state
nucleation rate, Ist(T), at a temperature T=Tmax. The experimentally de-
termined temperature dependence of the nucleation rate, Ist(T), is qual-
itatively conform to that predicted by CNT. However, serious problems
arise when one tries to quantitatively describe experimental data.

In CNT, the work of critical cluster formation is expressed as being
proportional to Wc(T)≈σ3/(ΔGV)2. The thermodynamic driving force
of crystallization, ΔGV, is determined in CNT approximately as the dif-
ference between the Gibbs free energies per unit volume of liquid and
crystal of the respectivemacroscopic phases.When, in addition, the spe-
cific interfacial energy, σ, is considered as a constant, then discrepancies
between theory and experiment occur whichmay reachmany orders of
magnitude. Taking into account the increase of the curvature of critical
nuclei with decreasing temperature (due to the increase of the thermo-
dynamic driving force) resulting in the decrease of the critical nucleus/
liquid surface energy, σ, one can arrive at an agreement between theory
and experiment at TNTmax. However, a variation only of the specific sur-
face energy of critical nuclei cannot quantitatively explain the sharp de-
crease of Ist(T) at TbTmax (see details in [3]). In this temperature range,
with decreasing temperature the experimental nucleation rates begin to
deviatemuch stronger from the theoretical dependence even if the tem-
perature (or, equivalently, size) dependence of σ is accounted for. In
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particular, the work of critical cluster formation, Wc(T), estimated via
the substitution of experimental nucleation rate and time-lag data
into the respective equations of CNT, ceases to decrease but increases
with decreasing temperature, again, as illustrated by Fig. 1.

Utilizing the classical Gibbs theory [6], it was shown in [7] and [8]
that, employing the standard in CNT approximations, the thermody-
namic driving force of crystallization has a maximum at the Kauzmann
temperature, TK. With a weak monotonous decrease of the specific in-
terfacial energy, it results in a minimum of the work of critical cluster
formation near TK. However, for most of the glass-forming systems
and in particular for systems considered in the present paper, TK is
much lower than the temperatures at which detectable nucleation
rates are observed. Thus, theminimumof thework of critical cluster for-
mation illustrated by Fig. 1 cannot be correlated with the minimum of
the thermodynamic barrier for nucleation. Its existence in the range
where crystal nucleation was measured in the systems considered by
us [3,9] strongly conflicts with CNT. Hence, the introduction of addition-
al concepts into CNT is needed to describe the low temperature part of
the Ist(T) dependence.

In order to overcome these problems (sharp decrease of Ist(T) at
TbTmax, existence of a minimum and subsequent increase of Wc(T)
with decreasing temperature), in a preceding paper [9], we assumed
an increase of the average size d0 of the “structural units” (identifying
them with the cooperatively rearranging regions (CRR) in the liquids
or considering its increase as a consequence of a more complex kinetics
as compared to a quasi-one-component description of the liquid com-
monly employed in CNT for the interpretation of experimental data)
with decreasing temperature in the range TbTmax resulting in the de-
crease of both the mobility of the basic structural units of the melt and
the number of potential places available for homogeneous nucleation.
Both effects decrease the nucleation rate, restoring the agreement be-
tween theory and experiment, as shown for several glasses revealing
homogeneous bulk nucleation. In line with common expectations, in
such approach the value of Wc, which is computed by us via the basic
theoretical equations commonly employed in CNT, decreases with de-
creasing temperature including the range Tb Tmax. Attempts to resolve
above formulated problem accounting for an increase of the size of the
CRR with decreasing temperature are made also in [10].

In the present paper, we search for an alternative possible solution of
above mentioned problem. In contrast to the assumption employed in
[9], we now remain here within the spectrum of basic assumptions of
CNT (in particular, we assign a constant value to the size parameter)
but advance a description of crystal nucleation incorporating into classi-
cal nucleation theory concepts of spatial heterogeneity of glass-forming
liquids. A brief overview on different models of spatial heterogeneity of
liquids, widely discussed in the literature, is given here in Discussion
section. We assume that nucleation processes may proceed with

detectable rates only in liquid-like (soft) regions and are suppressed
in solid-like (rigid) parts employing notations as put forward by Thorpe
and coworkers [11–13]. Determining appropriately the fraction of liq-
uid-like and solid-like regions in dependence on temperature this ap-
proach allows us to achieve a comprehensive agreement between
classical nucleation theory and experiment not only at relatively high
temperatures but also at temperatures lower than that of the nucleation
rate maximum. Several related phenomena are discussed as well giving
additional support to our approach.

Thorpe's concept of rigid and floppy modes was utilized in [14] in
the analysis of the degree of undercooling of fresnoite glasses estimated
from DSC cooling curves. To the best of our knowledge, the interpreta-
tion of experimental data on crystal nucleation rates in dependence
on temperature based on the concept of heterogeneous glass structure
is performed here for the first time. Note that in the present paper we
do not associate the obtained results with any particular model of spa-
tial heterogeneity. The results obtained by us may serve as a criterion
of validity of any given model, however, this topic is beyond the scope
of the present analysis.

The present paper is structured as follows. In Section 2, we outline
the basic equations of CNT required for the analysis of the experimental
nucleation rate and time-lag data. In Section 3, a description of the effect
of the structural heterogeneity of the glass-forming systems on the nu-
cleation rate is introduced and analyzed. In Section 4,we consider in de-
tail some consequences of melt structure transition from a
homogeneous to a heterogeneous one correlating it with the
decoupling of diffusion and viscosity, the temperature dependence of
the activation energy of viscous flow, and glass transition. A discussion
of the results (Section 5) and a summary of the conclusions (Section 6)
complete the paper.

2. Basic equations

Themain equations of CNT employed in the presentwork are briefly
reviewed in this section. The steady-state nucleation rate is described in
the conventional form by

Ist ¼ C

ffiffiffiffiffiffiffiffiffi
σd20
kBT

s
D

d20
exp −

Wc

kBT

� �
; ð1Þ

where T is the absolute temperature, kB is the Boltzmann constant, D is
the effective diffusion coefficient determining the aggregation of the
“structural units” of effective size, d0, to the crystal clusters, C is the
number of sites where nucleation may be initiated. For homogeneous
bulk nucleation in one-component systems, C=c holds, where c is the
number density of the “structural units” of the ambient phase which
can be expressed as c=d0

−3. The effective size of the structural units is
commonly estimated via the molar volume, VM, of the crystal and the

Avogadro number, NA, as d0 ≈ ðVM=NAÞ
1
3. Wc in Eq. (1) is the work of

formation of a nucleus of critical size. It is equal to the thermodynamic
barrier a crystalline embryo must overcome to grow to macroscopic
sizes. In the case of an isotropic crystal nucleus of spherical shape, one
canwrite independent on any assumptions about driving force and spe-
cific interfacial energy [6,12]

Wc ¼ 4π
3

R2
cσ ; Rc ¼ 2σ

ΔGV
: ð2Þ

Here, Rc is the critical nucleus radius. For the specification of the
thermodynamic driving force, ΔGV, we will employ here the approxi-
mation advanced first by Tammann, Meissner, and Rie (see details in
[7,8])

ΔGV ¼ q

d30
1−

T
Tm

� �
; ð3Þ

Fig. 1. Thermodynamic barrier for nucleation versus reduced temperature, T/Tm, for a
series of sodium-calcium silicate glasses xNa2O·(0.5-x)CaO·0.5SiO2 [3–5]. Here Tm is the
melting or liquidus temperature.
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