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Abstract

In the application of classical nucleation theory (CNT) and all other theoretical
models of crystallization of liquids and glasses it is always assumed that nucleation
proceeds only after the supercooled liquid or the glass have completed structural
relaxation processes towards the metastable equilibrium state. Only employing such
assumption, the thermodynamic driving force of crystallization and the surface ten-
sion can be determined in the way it is commonly performed. The present paper
is devoted to the theoretical treatment of a different situation, when nucleation
proceeds concomitantly with structural relaxation. To treat the nucleation kinetics
theoretically for such cases, we need adequate expressions for the thermodynamic
driving force and the surface tension accounting for the contributions caused by the
deviation of the supercooled liquid from metastable equilibrium. In the present pa-
per, such relations are derived. They are expressed via deviations of structural order
parameters from their equilibrium values. Relaxation processes result in changes of
the structural order parameters with time. As a consequence, the thermodynamic
driving force and surface tension, and basic characteristics of crystal nucleation,
such as the work of critical cluster formation and the steady-state nucleation rate,
also become time-dependent. We show that this scenario may be realized in the
vicinity and below the glass transition temperature, and it may occur only if diffu-
sion (controlling nucleation) and viscosity (controlling the alpha-relaxation process)
in the liquid decouple. Analytical estimates are illustrated and confirmed by nu-
merical computations for a model system. The theory is successfully applied to
the interpretation of experimental data. Several further consequences of this newly
developed theoretical treatment are discussed in detail. In line with our previous
investigations, we reconfirm that only when the characteristic times of structural
relaxation are of similar order of magnitude or longer than the characteristic times
of crystal nucleation, elastic stresses evolving in nucleation may significantly affect
this process. Completing the analysis of elastic stress effects, for the first time ex-
pressions are derived for the dependence of the surface tension of critical crystallites
on elastic stresses. As the result, a comprehensive theoretical description of crys-
tal nucleation accounting appropriately for the effects of deviations of the liquid
from the metastable states and of relaxation on crystal nucleation of glass-forming

liquids, including the effect of simultaneous stress evolution and stress relaxation
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on nucleation, is now available. As one if its applications, this theoretical treat-
ment provides a new tool for the explanation of the low-temperature anomaly in
nucleation in silicate and polymer glasses (the so-called “breakdown” of CNT at
temperatures below the temperature of the maximum steady-state nucleation rate).
We show that this anomaly results from much more complex features of crystal
nucleation in glasses caused by deviations from metastable equilibrium (resulting in
changes of the thermodynamic driving force, the surface tension, and the work of
critical cluster formation, in the necessity to account of structural relaxation and

stress effects) than assumed so far.

1 Introduction

Despite its long tradition, due to its complexity, the theoretical analysis of crystal nucle-
ation and growth phenomena in glass-forming substances remains an actively developing
field of research, with a variety of new topics and applications [1, 2, 3, 4, 5, 6, 7]. In the
present paper, we address a particular but very important problem related to the descrip-
tion of the phase transformation kinetics that is specific for crystallization of glass-forming
liquids, the effects of the glass transition and of the structural relaxation of the super-
cooled liquid on the crystallization kinetics in the vicinity and below the glass transition
temperature.

The present study of the the kinetics of crystallization of glass-forming materials was
initiated by the following considerations. As shown in two preceding papers [8, 9], exper-
imental data on the steady-state nucleation rate, Jg, in crystal nucleation,

20

B W, 1 B 9
Jg = Joexp (— kBT) , W. = SO'AC , A. =41R; R,

for different glass-forming liquids can be interpreted with high accuracy in terms of clas-
sical nucleation theory (CNT) utilizing the Tolman equation [10],
Ooo

O(R) = 25 7 Oco = Uoo(Tmapm) ) 0= 500(Tm7pm) ) (2)

1+ =

R
for the description of the size or curvature dependence of the surface tension, o(R), of
crystallites of critical size. In Eqgs. (1) and (2), 0o (T, pm) is the surface tension (referred
to the surface of tension) at a planar equilibrium coexistence of liquid and crystal, the
so-called Tolman parameter, 0y (7, Pm), determines its change with variations of the
radius in a first-order approximation (both quantities, 0., and 4, are functions of the
melting temperature, 7,,, and the corresponding to it melting pressure, p,,), W, is the
work of critical cluster formation, A, and R, are the surface area and the radius (also
referred to the surface of tension) of the critical cluster modeled to be of spherical shape
(the possibility to treat crystal nucleation employing such model is explained in detail
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in [8, 9]), Ag is the change of the bulk contributions to the Gibbs free energy per unit
volume of the crystal phase when the metastable liquid is transformed into the crystal,
kg is the Boltzmann constant and 1" the absolute temperature. Finally, Jy reflects the
kinetic mechanism of cluster formation and growth.

In [8, 9], 05 and & were taken as fit parameters to reach an agreement with the ex-
perimental nucleation rates. In addition, theoretical estimates for the Tolman parameter
have been developed based on a generalization of the Stefan-Skapski-Turnbull rule [11, 12].
These theoretical estimates are shown to be in good agreement with the values obtained
by mentioned fitting procedure. Some of these results are presented in Fig. 1. It is evident
that, when assigning appropriate values to the parameters o, and ¢, the Tolman equa-
tion allows a good description of the experimental data down to the temperatures, 1,4z,
corresponding to the maximum of the steady-state nucleation rate, Jg(Tpae). However,
a serious problem remains unresolved which is denoted frequently as the ”breakdown of
CNT” for T' < Tynae- To reach an agreement between theory and experiment for lower
temperatures T 5 Tinap, additional factors affecting crystal nucleation have to be ac-
counted for going beyond the standard approach commonly employed in CNT.
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Figure 1: Steady-state nucleation rates of several glass-forming melts (a) 22.4NayO -
28.0Ca0 - 49.65i04 (1N1C2S), b) NagO -2Ca0 - 3Si05 (1N2C3S), ¢) 2Nay0 - 1Ca0 - 3510,
(2N1C3S), d) LisO - 25i04 (L2S), e) BaO - 2510, (B2S)) utilizing the Tolman equation.
The parameters and the sources of the nucleation rate data are given in [8, 9]. By Ty,
the glass transition temperature is specified according to the definition proposed first by

Tammann (see text).

The origin of deviations of theoretical steady-state nucleation rates from experimental
data for temperatures below the temperature of the maximum steady-state nucleation
rates is a matter of continuous debate. This breakdown problem also cannot be resolved
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by the account of self-consistency corrections to the work of critical cluster formation
as demonstrated in our recent analysis [13]. As shown there, when self-consistency cor-
rections are introduced into the theory, the Tolman equation supplies us again with an
appropriate description of the dependence of the nucleation rate on temperature, but, sim-
ilarly to the results shown in Fig. 1, only down to T, and not in the range 7' 5 Tinas-
Consequently, in the temperature range below T,,.., additional features have to be in-
corporated into the model of crystal nucleation also in such more correct self-consistent
treatment to arrive at an agreement of theory and experiment.
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Figure 2: Thermodynamic barrier for nucleation, W./kgT, versus temperature for a va-
riety of glass-forming liquids (the same liquids as shown in Fig. 1) in dependence on

temperature, T', and reduced temperature, 7'/T,,. T,, is the melting temperature.

In interpreting the steady-state nucleation rates shown in Fig. 1 in standard terms
of CNT, a behavior of the work of critical cluster formation on temperature would have
to be assumed as shown in Fig. 2. At temperatures above T = T,,.., the work of criti-
cal cluster formation, W., decreases with decreasing temperatures as expected based on
CNT. However, for temperature below 7' < Tinaz, W, has to increase again for a proper
interpretation of the experimental data. Such behavior cannot be understood in terms of
standard concepts of CNT. The type of behavior as shown in Fig. 2 was observed long
ago in [14, 15], but meanwhile it was found to be a general feature of crystal nucleation
in glass-forming liquids. Consequently, its correct understanding is of essential interest in
the formulation of a comprehensive theory of these processes.

The following additional factors that could eventually provide an explanation of these
deviations of theoretical predictions from experimental data have been analyzed by us
in preceding papers: (i) Non-monotonic dependence of the surface tension on the size of
the critical crystal nucleus [14, 15, 16, 17], (ii) interplay of evolution of elastic stresses
and stress relaxation in crystal nucleation [17, 18, 19, 20, 21, 22, 23, 24], (iii) variation of
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the size of the structural units responsible for crystallization [25], (iv) effect of spatially
heterogeneous structure of glass-forming liquids on crystal nucleation [26, 27], (v) devia-
tions of the bulk state parameters of the critical clusters from the respective macroscopic
properties of the newly evolving crystalline phases [19, 28, 29, 30, 31, 32, 33, 34]. Further
detailed analysis of these suggestions and their implications is of high interest.

However, in the present paper we would like to follow another approach suggested
as a possible way of resolution of described above problem briefly already in [13, 24,
31, 32, 33, 35]. Its further advancement was stimulated by comprehensive experimental
investigations of the nucleation characteristics at low temperatures extending over much
more prolonged periods of time as it is commonly done in similar studies. They will be
presented in detail in [36]. In this treatment, mentioned peculiarities in crystallization at
temperatures below T),., are correlated with the glass transition, more specifically, with
the effects resulting from deviations of supercooled liquid from its metastable equilibrium
state and of the relaxation of the liquid to this state on crystal nucleation. We will rely
here on the general concepts developed first in [35] and further advance this approach.

First, we will show how deviations of the supercooled liquid from the corresponding
metastable state affect the thermodynamic driving force of crystallization and the surface
tension. This analysis is then supplemented by the specification of the conditions at which
relaxation of the glass-forming liquid proceeds more slowly as compared to nucleation-
growth processes. In line with earlier investigations it is reconfirmed, in addition, that
only at such conditions, when the characteristic times of relaxation are longer than the
characteristic times of crystal nucleation, elastic stresses evolving in nucleation may signif-
icantly affect this process. Extending mentioned previous analysis, relations are derived
for the dependence of the surface tension of critical crystallites on elastic stresses. An
illustration of the analytical results will be presented then performing a quantitative treat-
ment of crystal nucleation in a slowly relaxing liquid for a model system developed and
widely employed in the description of the properties of glass-forming liquids and the glass
transition [18, 19]. In the model approach, we will not include the possible dependence of
the kinetic parameters like viscosity, diffusion coefficient, and structural relaxation time
on the degree of deviation of the liquid from metastable equilibrium. This topic will be
addressed in a future study, it will qualitatively not change the main conclusions derived
in the present analysis.

Two previously performed studies on the CNT-breakdown, partly including results of
experiments performed over prolonged times, can be traced in [37, 38]. In both studies it
was concluded that the above discussed deviations of theoretical steady-state nucleation
rates from experimental data for temperatures below the temperature of the maximum
steady-state nucleation rates are largely caused by the use of nucleation rate data that
have not yet reached the ultimate steady-state at the respective nucleation tempera-
tures. Based on the theory developed, here a much more comprehensive interpretation
is advanced: (i) Experimental results on the nucleation rates as shown in Fig. 1 are the
temporary steady-state nucleation rates established for the respective glass-forming melts
after a time-lag in nucleation, as described in CNT. Both steady-state nucleation rate
and time-lag depend on the initial state of the liquid and, in particular, on the degree of
its deviations from metastable equilibrium. Experiments and CNT are in full agreement
if such deviations from equilibrium are properly accounted for. (ii) Structural relax-
ation processes of the glass-forming liquid to the metastable equilibrium state result in
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slow variations of the temporary steady-state nucleation rates. (iii) The ultimate steady-
state nucleation regime is established only when the structural order parameters have
approached their equilibrium values. We show that the long times necessary to reach the
ultimate steady-state regime at temperatures below 7j are not just the classical nucle-
ation time lags (discussed in CNT assuming that the liquid has reached a metastable state
prior to intensive nucleation), instead they are predominantly related to the structural
relaxation of the glass. For very low temperatures, this ultimate steady-state may not
be reached at all in realistic measurement times. (iv) As a rule, elastic stresses evolving
in crystal nucleation will affect the steady-state nucleation rates for temperatures below
the nucleation rate maximum. They will lead to deviations from the curves describing
experimental data employing the Tolman equation. In this way, the present paper pro-
vides an alternative, more detailed interpretation of the problem of ”breakdown of CNT”:
If deviations of the structural order parameters of the glass-forming liquids from their
metastable equilibrium values and their relaxation processes are properly accounted for,
then CNT appropriately describes both the initial, the intermediate, and the final states
of crystal nucleation.

The paper is structured as follows. The basic ideas of the theoretical description of
crystal nucleation accounting for the effects of deviations of the state of the liquid from
metastable equilibrium and relaxation processes to this particular state are outlined in
Section 2. In Section 3 it is shown how deviations of the liquid from its metastable equi-
librium affect the thermodynamic driving force of crystallization and the surface tension.
Whether or not such deviations may result in changes of the crystal nucleation kinetics
depends on the ratio of the characteristic time scales of relaxation and crystal nucleation.
This topic is addressed in Section 4. The influence of the interplay of elastic stress evo-
lution and stress relaxation on nucleation is analyzed in Section 5. A discussion of the
results including a brief comparison with experimental data confirming them (Section 6)
and a summary of the conclusions (Section 7) complete the paper.

2 The Model: Basic Assumptions

In CNT, it is commonly assumed that crystal nucleation starts only after the liquid or
the glass have reached its metastable equilibrium state [18, 19, 39]. Only with such
assumption, the thermodynamic driving force of crystallization and the surface tension
can be determined in the way as it is commonly performed in CNT. In particular, the
thermodynamic driving force of crystallization is connected with the change of the Gibbs
free energy per unit volume of the crystal phase in the transformation of the metastable
liquid to the crystal. The surface tension is assumed to be equal to the respective value of
a critical crystallite in the metastable liquid and determined by indirect measurements,
computer simulations or taken as a fit parameter to arrive at an agreement between
theory and experiment. Utilizing CNT and employing the capillarity approximation and
the Stokes-Einstein-Eyring equation (that relates the diffusion coefficient to the viscosity
of the liquid), such approach can be confirmed theoretically [18, 19, 40] and also by a
variety of experimental data [41, 42, 43, 44, 45].

However, going beyond the capillarity approximation and the Stokes-Einstein-Eyring
equation, the situation becomes different [46, 47, 48]. In [24, 31, 33|, a review of these
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non-trivial problems is given, and general theoretical considerations are outlined showing
that near and below the glass transition range the opposite situation can be realized,
structural relaxation processes may proceed slowly as compared with crystal nucleation.
In such cases, the nucleation kinetics can be significantly affected by structural relaxation
processes proceeding in the glass-forming melt as discussed from an experimental point of
view in [49, 50, 51, 52, 53]. Direct experimental data in support of the point of view that
nucleation may proceed concomitantly with relaxation are presented in an accompanying
paper [36]. Some of these experimental data will be shown here in Section 6. In the present
paper, we will reconfirm this point of view by proposing and analyzing a simple theoretical
model describing the effects of glass transition and relaxation of the supercooled liquid
on crystal nucleation.
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Figure 3: Structural order parameter, &, and its equilibrium value, &, in dependence on
reduced temperature, § = T'/T,,. a) Dependence of the equilibrium value of the struc-
tural order parameter for the whole range of temperatures between melting or liquidus
temperature, 7T,,, and absolute zero as obtained in the framework of the lattice model
employed here. An outline of the basic ideas of this model and consequences can be
found in [18, 19, 47, 57, 58, 59]. b) Typical behavior of the structural order parameter,
&, in dependence on temperature in the vicinity of the glass transition range if the liquid
is cooled down and heated with the same constant rate of change of temperature. The
dependencies £(7') are shown by full curves if the system is cooled down (blue curve)
and heated (red curve) with a constant rate (here taken equal to (d7'/dt) = 1.3 K/s or
(df/dt) = 1073s7!), the dashed curve shows the equilibrium value of this parameter in
the given range of temperature.

One strong argument in support of the explanation of the “breakdown” of CNT ad-
vanced here consists in the following considerations. Adopting the basic ideas in the
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interpretation of the physical nature of glasses and the glass transition as developed long
ago by Simon, Tammann, de Donder, Leontovich & Mandelstam, Kauzmann, Davies
& Jones, Tool, Prigogine & Defay, Bartenev, Volkenstein & Ptizyn and many others
[18, 19, 46, 47, 48, 54, 55, 56|, near to the glass transition temperature (in the glass tran-
sition region), the metastable liquid is transformed into a frozen-in non-equilibrium state,
the glass. In the thermodynamic description, structural order parameters, {&;}, have to
be introduced to account for such effects. They are required to describe the deviations
from metastable equilibrium. In the course of the glass transition, they are freezing-in,
i.e., become independent of time. Their behavior reflects the well-known feature of the
glass transition that the state of the liquid, respectively, the glass becomes dependent
on the cooling rate or the prehistory of the liquid. These deviations from metastable
equilibrium result in additional contributions to the thermodynamic driving force and the
surface tension as compared to the common treatment in CN'T. They have to be incorpo-
rated, consequently, into the theoretical description to be able to appropriately describe
experimental data.

For that purpose, in the present analysis we utilize and generalize relations obtained
from a simple lattice-hole model of liquids derived and employed for the interpretation
of the properties of glasses. The model is described in detail in [18, 19, 47, 57, 58,
59]. A similar model has been used by Johari [60] in the analysis of the problem of
configurational and residual entropies of non-ergodic crystals and their entropy’s behavior
on glass formation. Details of the model can be traced in cited references, some of its
consequences are briefly reviewed in the Appendix as far as they are required for the
present analysis. Here we will employ directly some of the main results of these studies.

In particular, the metastable equilibrium value, &, of the structural order parameter,

&, is given by
1-&(D)?* 1 (T>

mé&(T) x \ T ()
At the melting or liquidus temperature, T' = T,,, the value of £, should be approximately
equal to &(T,,) = 0.05 (corresponding to experimentally observed density differences
between liquid and crystal at the melting temperature [18, 19]). In the computations,
here we set y = 3.32 for the realization of this condition [57, 58, 59].

A wealth of experimental data shows that the relaxation kinetics of glass-forming melts
to the respective metastable equilibrium states can be appropriately expressed in the form
[18, 19, 35, 61]

d& 1

i —m(f —&) (4)

where the relaxation time 7g(7T', p, £) is a function of pressure, temperature and, in general,
of the set of structural order parameters. Here we assume that one structural order
parameter is sufficient for the description. Even at such assumption, as shown in [35,
61], Eq. (4) allows us to understand the origin of stretched exponential type relaxation
processes and results in estimates of the coefficients in the respective relaxation law in
agreement with experimental findings.

In the numerical computations, we start the cooling process at T' = T,,,. We cool the
system with a constant rate,

dr
¢= = const , (5)
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down to the temperature where nucleation processes are studied. Since, d1" and dt are
linearly dependent, we can always go over from a differentiation or integration with respect
to time to the respective procedures with respect to temperature (d1" = gdt) and vice versa
(dt = dT'/q) with different signs of the parameter ¢ (¢ < 0 for cooling and ¢ > 0 for heating
processes). Eq. (4) then takes the form

d¢ 1

ﬁ = _qTR(é - fe) : (6)

Solving this equation, we can determine £(7") for any desired temperature, 7' < T,,, in
the range of metastable initial states of the liquid.
In the computations, we employ expressions for the relaxation time of the form

U (T )

TR = To €XP <RT) s Ua—Ua (T—TO) s TO_k'B_T (7)

" T, = 1 Yo _75 Ll 2 (8)
0 — 2 9 RTQ(T) - . 9 Tm - 3 I

as described in detail in [57, 58, 59]. Here U, is the activation energy for the structural
relaxation processes considered, h is Planck’s constant, Tg(T) is the glass transition tem-
perature defined in accordance with the suggestion by Tammann [62] correlating it with
a Newtonian viscosity, 1, equal to n(T) = 102 Pas at T = T, g(T). These relations result in

(T)
T h
TR = To €XP (75T i To) , To = _kBT . (9)

In the simplest approach used here we neglect the dependence of 7z on the struc-
tural order parameter. Generalizations will be considered in further advancements of the
present model utilizing methods advanced in [18, 19, 20, 21, 35, 61, 63, 64, 65, 66] and
briefly discussed below. The behavior of the structural order parameter on cooling and
heating with a moderate constant rate of change of temperature is illustrated for this
model in Fig. 3.

The glass transition temperature, Ty, depends, in general, on cooling and heating rates
[18, 19, 54, 56]. However, we consider here processes of cooling of the liquid at typical
laboratory time-scales employed in the preparation of the samples for a detailed study of
nucleation phenomena. At such moderate cooling rates, the glass transition temperature
can be defined in line with the proposal by Tammann [62]. The important point, the noted
above very strong argument in support of the approach to the resolution of the problem
of the “breakdown” of CN'T advanced here, is that, at these process conditions, the glass
transition temperature and the temperature of the maximum of the crystal nucleation
rate, T},., and Tg(T), are directly correlated, they are close to each other, T,,,, = Tg(T)
[28, 41, 42, 43, 67, 68]. Consequently, the specific features occurring at the glass transition
temperature (Fig. 3) may be the origin for the problems in the theoretical interpretation
of experiments on measurements of steady-state nucleation rate illustrated in Fig. 1.

In the present paper, we present a confirmation of these ideas based on the analysis
of a particular model. In order to proceed in this direction, we have to solve in the next
step the problem how these specific features have to be incorporated into the description
of crystal nucleation.
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3 Implications for the Description of Crystal Nucle-

ation: Thermodynamic Aspects

As already noted in the introduction, in CNT it is assumed that the liquid has reached
its metastable equilibrium state first and only after this process is completed, nucleation
occurs. In such cases, we can employ in the description of crystal nucleation values of
the thermodynamic driving force and the surface tension obtained considering critical
crystallites to be formed in a metastable liquid. In terms of the model considerations
discussed in Section 2, this condition implies that the structural order parameter, £, has
reached its equilibrium value, £ = &.. This path of evolution corresponds to the situation
illustrated in Fig. 4b by a mechanical analogy of the motion of a particle in a force field,
as proposed by F. Simon and slightly modified by us accounting for potential energy
landscape approaches advanced by Goldstein (see [18, 19, 48, 69]).

However, on cooling the liquid from the melting or liquidus temperature, 7,,, down
to temperatures T < Tg(T), the thermodynamic driving force and the surface tension may
become dependent not only on temperature, pressure, and composition of the liquid, but
also on the value of the structural order parameter, &, since the liquid is transferred into a
non-equilibrium state with a value of the structural order parameter, &, not corresponding
to metastable equilibrium, &.,. As illustrated in Fig. 4a, such dependence has to be
accounted for near and below the glass transition temperature, 7, g(T ,le,at T < T, g(T).
Moreover, as shown in Fig. 4d, even a situation may occur for highly viscous liquids that
the evolution to thermodynamically more stable states is temporarily terminated when
the liquid is trapped in a local minimum of the potential energy landscape [69]. In order to
continue relaxation, another potential barrier has to be overcome by thermal fluctuations.

Such peculiar effects cannot be described by the relaxation model based on the ther-
modynamics of irreversible processes used here. It supplies us with the general trends
of evolution but, due to its simplicity, it does not cover such additional but, of course,
also possible details. However, in both cases, independent on whether the liquid evolves
towards metastable equilibrium or is trapped temporarily in a potential energy minimum,
as described in Figs. 4a and d, we have to specify how deviations of the state of the liquid
from metastable equilibrium affect both the thermodynamic driving force and the surface
tension. In terms of the thermodynamic description, we have to determine how these
basic quantities of nucleation theory depend on the structural order parameter. First,
we will now briefly outline some general considerations how to treat such problem and
then utilize, in addition, the model introduced in [18, 19] to arrive at definite quantitative
results.

Generally, any thermodynamic quantity, ¢, describing the state of a liquid undergoing
crystallization processes depends on temperature, T, pressure, p, and composition, {x;},
provided the system is in a (metastable) equilibrium state. Here by {x;} the set of
molar fractions of the different components in the liquid is denoted. For systems in non-
equilibrium states, a dependence on an appropriate set of structural order parameters,
{&;}, has to be accounted for, in addition. In the present paper, we restrict the analysis
to cases when one structural order parameter is sufficient for the description. We express
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this dependence as ¢ = (T, p, {x;}; 5), where € is defined as

(g — ge)
fe .

£= (10)

By a truncated Taylor expansion of ¢ = (T, p, {z;}; 3 ) with respect ¢ we obtain

(T, p, {2} ) = (T, p, {zi}) + Al + Bo&* + . .. (11)

The first term in the right hand side of Eq. (11) supplies us with the value of ¢ in
thermodynamic equilibrium (¢ = @ (T, p, {z;})), the additional terms account for changes
of this quantity due to deviations from equilibrium, they are equal to zero for £ = & or
£E=0.

Such approach can be employed also for the specification of the dependence of the
relaxation time on the structural order parameter considering U as a function of £ Ina
first-order approximation, we obtain

U;(T,p, {xz}7 g) = AO(T7p7 {xl}> + AU(T7p7 {xl})é ) Au(T7p7 {xl}) <0. (12)

The inequality A, < 0 is a consequence of the fact that the viscosity of systems in non-
equilibrium is, on cooling, smaller than the respective equilibrium viscosity [18, 19, 24,
35, 61, 63, 64, 65, 66]. Here we will restrict the considerations to the specification of the
difference, Au(T, p; &), in the chemical potential per particle and in the liquid and the
crystal and the surface tension, (7T, p; ).

The change of the Gibbs free energy in cluster formation, we will express approximately
as [11, 13, 18, 19, 70]

AG(n) = —nAu(T, p;€) + (T, p: En*’? (13)
utilizing the notations

3\ 2/3
Ap=diAg,  AT,p;€) =Qyo(T,p;€), Q=dr (E) : (14)

Here dy is a characteristic size parameter determined by the particle number density
(¢ = (1/d3)). Having at our disposal the values of Au(T,p;¢) and o(T,p;€), we can
compute via Eq. (13) the work of formation of a cluster containing n particles. In the
present paper, we omit self-consistency corrections [13] to concentrate the attention onto
the main topic of the present analysis.

Assuming that the liquid has reached the appropriate metastable equilibrium state
prior to the initiation of nucleation (the condition & = &, is fulfilled), the thermodynamic
driving force of crystal nucleation and the surface tension can be expressed as [9, 11, 12,

13, 70
| N T Ac, T
A/'L(Tapaé- = ge) = Ahm (1 - T_) |:1 - (1 - F)‘| ) (15)

B2 e
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d)

Figure 4: Mechanical analogy for the interpretation of the differences between a) the
glass, b) the metastable liquid, and c) the stable crystalline state (7' < T,,) as proposed
by Simon. In d), a modification of Simon’s picture of the vitreous state and its relation to
the crystalline state is given accounting for the potential energy landscape model of glass-
forming systems as advanced by Goldstein [69] (for more details, see [18, 19] (Section 2.6),
text and [48] where the figure is taken from).

Here Ah,, and As,, are the melting enthalpy and melting entropy per particle of the
crystal at the temperature, 7},,, and the pressure, p,,, Ac, is the difference in specific
heats per particle in the liquid and the crystalline phases, respectively, also at (T, pm)-
As the new element in the present analysis, we account now in addition for the possibility
that the liquid is not in a state of metastable equilibrium.

At fixed temperature and pressure, a spontaneous evolution of any thermodynamic
system is connected with a decrease of the Gibbs free energy [71, 72]. For the problem
under consideration, such processes can be illustrated by the motion of a ball in a force-
field as shown in Fig. 4a. The crystalline state corresponds to the lowest value of the
Gibbs free energy as illustrated in Fig. 4c. Relaxation processes result consequently in a
decrease of the thermodynamic force of crystallization.

In the considered here model, the differences between the Gibbs free energy per particle
are due to differences in the configurational contributions to this thermodynamic function.
As shown in [57] and briefly explained in the Appendix, the thermodynamic driving force
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of crystallization per particle of the liquid accounting for deviations from metastable
equilibrium gets the form

. ~ _ l _ Acp<Tm7pm> . 1 kBTge =
Ap(T, p; €) = Ahyy, <1 Tm) {1 —oAe (1 Tmﬂ + 5 = (17)

i.e., the changes in the thermodynamic driving force of crystallization caused by deviations
from metastable equilibrium are given by (kzT€./2)E2.

On cooling, deviations of the state of the liquid from metastable equilibrium lead to
higher values of the configurational entropy as compared with its metastable equilibrium
state [18, 19, 47, 48]. In line with our approach to the determination of the surface tension
via entropy differences [9, 11, 12, 13, 70],

0<T7p7 6) o TAS(T7p> 5) o l (AS(Tvpv 56) =+ Sconf(g) - Sconf(fe))
As(Th, pm) ’

deviations from equilibrium result generally in higher values of the surface tension. By
Sconf, the configurational contribution to the entropy per particle in the liquid is denoted.
For the particular model employed, we obtain the following correction term accounting
for deviations of the liquid from metastable equilibrium

o(T,p,€) T (1_ Ac, (1_1) +sconf(£)—sconf(£e)) (19)

(T, Pm) N ﬁ As,, T, As,,

U(T,p,f) _ T ACp T kaelnfe -
I (EE R i B (20)

Consequently, both in the general case and in the particular realization utilizing the
lattice-hole model discussed here so far, on cooling processes, deviations of the state of
the liquid from equilibrium result in both an increase of the thermodynamic driving force
and in an increase of the surface tension monotonically increasing with increasing degree
of deviations from metastable equilibrium. Isothermal relaxation results in a decrease of
both the thermodynamic driving force and the surface tension.

For heating processes, the situation remains the same with respect to the thermody-
namic driving force (it is larger as compared to the state of metastable equilibrium of
the liquid). However, deviations from equilibrium may result in a decrease of the surface
tension as far as the condition £ < 0 is fulfilled. This reduction of the surface tension
may eventually result in an increase of the intensity of crystal nucleation, as discussed in
detail in [66]. Such effects are expected to be of significant importance also for the correct
description of cold crystallization widely discussed in polymer physics [43]. However, here
we concentrate the attention to crystallization processes proceeding after or in the course
of cooling a liquid leaving mentioned problem to a future analysis.

In the present study, we will employ these general consequences and particular results
accounting also for a much more complex behavior of real systems as compared to the
features described by the simple lattice-hole model discussed so far. On one hand, we
could utilize an approach as described with Eq. (11) not involving any particular model.
It leads to the following expressions for the thermodynamic driving force

. _ TN AeTwpw) (T ;
Ap(T, p;€) = Ahy, (1 Tm) [1 A (1 Tm) + sz} (21)

- 1
0(TonyDm)  TAS(Tonypm) T (18)
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Figure 5: Determination of the dependence of a) the thermodynamic driving force and
b) the surface tension on reduced temperature, § = T'/T,,, for the cases when the liquid
deviates on cooling from metastable equilibrium in the form as illustrated in Fig. 3. The
curves are drawn based on Egs. (23) and (24) with values of the parameters equal to
Qap, = Q5 = 0,100,250, 500, 750, 1000. Simultaneously also the respective dependencies
are given for the case that the liquid retains always in a state of metastable equilibrium
(€ =0 or Qa, = Q, = 0). Parameters are taken widely from our recent paper [13]:
T, = 1307 K, AH,, = 9.744 - 10®* J/m?, and Ac,/As,, = 0.275, dy = 4.8 - 107! m,
Ooo = 0.170 J/m?.

and the surface tension

o(T,p,§) T Ac, T ~
(Top) T {1 " As (1 - ﬂ) * 9”5] | 22)

However, here we will employ the following relations for these dependencies being straight-
forward generalizations of Eqgs. (17) and (19) obtained in terms of the simple lattice-hole
model described in the Appendix:

AT, p;€) = Ah,, <1 - 1) [1 _ AT, Pm) (1 - 1)] +Qn, (kBT§e> £, (23)

T 2As,, T, 2

o(T,p,§) T Ac, T kg&eIn&.\ -
A s () - (MR0E) ] e

Note that, since &, < 0 holds, deviations from metastable equilibrium result in an increase
of the surface tension as it should be generally the case. Qualitatively, both models given
by Egs. (21) and (22), respectively, Eqgs. (23) and (24), lead to similar results. Only
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Figure 6: Determination of the dependence of the work of critical cluster formation
on reduced temperature, § = T/T,,, for the cases when the liquid deviates on cool-
ing from metastable equilibrium in the form as illustrated in Fig. 3. The curves
are drawn based on Eq. (23), (24), and (25) with values of the parameters equal to
Qa, = Q, = 100, 250, 500, 750, 1000, again. Simultaneously also the respective dependen-
cies are given for the case that the liquid retains always in a state of metastable equilibrium
(5 =0 or Qa, = Q, = 0). Again, the liquid deviates on cooling from metastable equi-
librium in the form as illustrated in Fig. 3. For the values of the other parameters, see

caption to Fig. 5.

for systems where the value of the structural order parameter may affect the thermody-
namic driving force and the surface tension significantly, deviations of the liquid from
metastable equilibrium may be of relevance for nucleation and growth in crystallization.
Consequently, we will assign such values to the parameters €25, and €2, that this necessary
condition for the applicability of our model is fulfilled.

Having at our disposal the expressions for the thermodynamic driving force of crystal-
lization and the surface tension, we can compute the value of the work of critical cluster
formation in dependence on temperature via Eq. (1) [8, 9, 13, 18, 19]. With cAu = Ag,
we obtain from Eq. (1)

167 03(T,p; €) 1

W) = 860 = e T @

(25)

where Ay and ¢ are given by Egs. (23) and (24). The dependence of € on temperature
is taken from the results of computations described here earlier and presented in Fig. 3.
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Figure 7: Dependence of a) the structural order parameter, £, and b) the work of critical
cluster formation, W,, on reduced temperature for different cooling rates, ¢. = |dT'/dt| as

specified in the figure. Here we assigned to the parameters the following values 25, =

Q, = 250.

The results of computations of W, are shown in Fig. 6. In comparison to W.(T, p;¢)
and o (T, p; €), also the work of critical cluster formation is presented for the case that on
cooling the system is retained in the respective metastable equilibrium state of the liquid,
i.e., for the case W.(T,p;&). A comparison with Fig. 2 shows a complete qualitative
agreement. The account of deviations of the state of the liquid respectively the glass
leads to a course of the work of critical cluster formation as it has to be the case to
interpret correctly the experimental data.

Once the structural order parameter depends on cooling rate, also surface tension,
thermodynamic driving force and work of critical cluster formation at some given tem-
perature depend on the cooling rate the system is transferred to it. This feature is
illustrated in Fig. 7. It is shown that variations of the cooling rate may result in signifi-
cant changes of the dependence of the work of critical cluster formation on temperature.
It is evident that the curves are, again, qualitatively similar to the results given in Fig. 2
showing the course of the work of critical cluster formation required for an interpretation
of experimental data.

In experiments on crystal nucleation, the nucleation temperature may be established
also in alternative ways. Consequently, the degree of deviation from metastable equilib-
rium reached initially at the chosen nucleation temperature may be different for different
thermal history. In modeling a particular experimental situation, one has to account
therefore how the initial state is established to obtain the correct initial values of the
structural order parameter, and as its consequence, the thermodynamic driving force and
the surface tension. The method of description of the nucleation kinetics requires exclu-
sively the knowledge of this initial value of the structural order parameter. Here we will
retain with the model of cooling with a constant rate down to the nucleation temperature
for the specification of the initial value of the structural order parameter.
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As the next step we have now to analyze at which conditions the results shown in
Fig. 6 and 7 or reached via alternative ways to generate the initial state may significantly
affect the nucleation kinetics.

4 Implications for the Description of Crystal Nucle-

ation: Kinetic Aspects

4.1 Relaxation and Crystal Nucleation: Analytical Estimates

Whether or not or to which extent the considerations outlined in Section 3 will be of
relevance for the description of crystal nucleation depends on the answer to the question,
what the characteristic time-scales of crystal nucleation are in comparison with the char-
acteristic times of relaxation of the liquid to the metastable equilibrium state. Here we
would like to demonstrate first, why in CNT it is so far generally assumed that relaxation
is practically completed prior to nucleation.

In order to answer this question one has to define first a characteristic time-scale
of crystal nucleation. As such time-scale, we will employ (as it is conventionally done
[18, 19, 39, 40, 73, 74, 75, 76]) the average time, (7), of formation of the first supercritical
crystal nucleus. As shown recently in [77], the average time of formation of the first
supercritical nucleus can be expressed in a good approximation as

1
JoV

<7—> = Tns + <T>ss ) <T>35 = (26)
Here 7, is the time-lag in nucleation, the characteristic time required to establish a
steady-state cluster size distribution up to clusters of critical sizes [18, 19, 78]. Provided
steady-state conditions with respect to nucleation are established, the following relation,

<T> = <T>ss = ﬁ ) (27)

holds for the time required to form the first supercritical cluster at such conditions. Here
Jst(T') is the steady-state nucleation rate per unit volume and V' is the volume of the
ambient phase, in our case, the liquid.

The time-lag and the steady-state nucleation rate in application to crystal nucleation
can be expressed as [13, 18, 19|

_ 2wokgT (1\ w (kT R? (28)
™ Gag)? \D) "2 \eZ J\'D) "

o (2D W,
=/ — [ = — : 2

Here D is the diffusion coefficient governing the aggregation kinetics, the numerical factor
w varies in the range 1 < w < 4 depending on the method employed in the derivation of
Eq. (28). According to Eq. (26), both quantities, 7,5 and (1), contribute to the average
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Figure 8: Dependence of the ratio of time-lag in nucleation and Maxwellian relaxation
time, 7,5 /7Tg, on the reduced temperature for the model system under consideration if a)
the Stokes-Einstein-Eyring equation is utilized (Eq. (35)), and b) in the general and more
correct approach that decoupling of diffusion and relaxation is accounted for (Eq. (42)).

As earlier, Qx, = Q, = 250.

time of formation of the first supercritical nucleus, (7). However, as demonstrated in [77],
their contributions are quite different in different temperature ranges.

In order to prove this statement, we have a brief look at the ratio (7,s/(7)ss). Near to
the melting temperature, it obeys the inequality

ns [kgT ( R?V W.
<:—> = Tps(JstV) 2w % ( 6;8 ) exp (— kBT> <1l at T—T1T,. (30)

Both the critical cluster radius, R., and the work of critical cluster formation, W,, diverge
at the approach to T,,, however, the exponential term dominates resulting in 7,5 /(7)ss — 0
at T'— T,,. This dominance is extended down to temperatures near but sufficiently away
from temperatures, T),.., corresponding to the maximum of the steady-state nucleation
rate. For lower temperatures, the inequality is reversed, i.e., (7,s/(T)ss) becomes con-
siderably larger than one [46, 47, 48]. We arrive at the conclusion that, in the range of

temperatures of interest for us (7' g 1.2T9(T)) near and below the glass transition temper-
ature, the average time of formation of the first supercritical nucleus is determined by the
time-lag in nucleation,

w k BT R2
) - = _c < (T)
<T>_Tns_2<adg)(D at T S 1.2757 . (31)
Consequently, we have finally to analyze how time-lag and relaxation time are related in
the considered range of temperatures.
In order to arrive at the respective estimates, in CN'T commonly two additional as-
sumptions are introduced. First, the Stokes-Einstein-Eyring equation [18, 19|
kgT
D~ B (32)
don
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Figure 9: Dependence of the structural order parameter on time for different values of the
reduced temperature, § = T'/T,,,. The evolution in time is caused by isothermal relaxation

to the metastable equilibrium state described by Eq. (4).

is utilized, correlating diffusion coefficient, D, and Newtonian viscosity, 7. As a second
step, the relaxation time can be expressed by the viscosity via the Maxwell relation
[18, 19, 43, 79, 80|
U . L

TR = —, G'=—. 33

SeR 2(1+ 1) (33)
Here G* is the infinite frequency shear modulus, F is Young’s modulus and ~ is the
Poisson number. The relation between viscosity and relaxation time can be written also
in the form [18, 19]

d3
TR = kBTn

In the present model analysis, we will utilize latter result. A combination of Egs. (31),
(32), and (34) results in

(34)

kT kT
(1) & 1y = — (034 > R’rp (%) n2Prp at  TSL200 . (35)
0

Employing, finally, the capillarity approximation in the description of experimental data
on steady-state nucleation rates, typical values of the term (kgT/od3) in Eq. (35) are found
in the range of 10? — 10 [18, 19, 40]. Provided these estimates and the underlying them
assumptions are true, then the characteristic times of nucleation, (1) = 7,,, are always
much larger as compared to the times of relaxation, 7z, to the metastable equilibrium
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Figure 10: Time dependence of the work of critical cluster formation caused by isothermal
relaxation of the structural order parameter illustrated in Fig. 9 for reduced temperatures
0 = 0.6,0.61,0.62,0.62,0.64,0.65,0.66. The evolution starts with a value of £ obtained

on cooling with a rate of change of temperature as described in Fig. 3 (see text).

state of the liquid, i.e., nucleation proceeds only after the liquid is transferred into the
respective metastable state. However, is this conclusion really always correct?

As discussed in detail in [13, 17, 18, 19, 28, 81|, the interpretation of experimental data
on steady-state nucleation rates utilizing the capillarity approximation results as a rule in
serious problems. In particular, to the size parameter, dy, values have to be assigned to
which do not correspond to their original meaning, the values are too small. This is one of
the reasons for the high values in the estimates of the parameter (kgT/od3) in Eq. (35).
The introduction of a curvature dependence of the surface tension partly resolves these
problems and results in estimates of the order (7) = 7, & 75 near to the maximum of the
steady-state nucleation rate. Further, one can also advance theoretical arguments leading
to the conclusion that sufficiently below Tg(T) the inequality 7,5 < 75 should hold as a
rule [24, 46, 47, 48]. We will return here to this topic in Section 5.

Another serious argument against the conclusions derived from Eq. (35) (relaxation
proceeds always prior to nucleation) is connected with another assumption involved in
its derivation. It consists in the application of the Stokes-Einstein-Eyring relation in the
description of crystal nucleation. It is well-known that this relation is as a rule fulfilled
only above a certain decoupling temperature, Ty [82], but not in the range 7' < T; =

(1.1— 1.2)T9(T). In the model computations, we will set T,; = 1.2T9(T). In such case, based
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Figure 11: Time dependence of the steady-state nucleation rate caused by isother-
mal relaxation of the structural order parameter illustrated in Fig. 9 and the work
of critical cluster formation illustrated in Fig. 10 for reduced temperatures 6 =
0.6,0.61,0.62,0.62,0.64,0.65,0.66. The evolution starts with a value of £ obtained on

cooling with a rate of change of temperature as described in Fig. 3 (see text).

on Eq. (31), we obtain

w [ kgT R?
0

instead of Eq. (35). This relation, Eq. (36), will lead, in general, to quite different pre-
dictions as compared with Eq. (35).

In particular, in [83] effects of decoupling of diffusion and viscosity on crystal growth
have been analyzed for a variety of liquids, including those presented in Fig. 1. The tem-
perature dependence of viscosity is described in a wide temperature range of temperatures
with good accuracy by the Vogel-Fulcher-Tammann (VFT) equation,

0 = 10 exp (ﬁ) | (37)

To account appropriately for decoupling of diffusion and viscosity, a simple model was
employed adapting a suggestion formulated by Réssler [84]. The diffusion coefficient was
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supposed to behave differently above and below the decoupling temperature T} as

(
E,
DO exXp <—m> for T > Td
D= (38)
Dyexp | — L, 7 for T <Ty
kT (1 - —0>
\ Ty

Here it is accounted for that the mechanism controlling crystal growth changes from a
liquid-like mode, correlated with the dynamics of relatively large cooperatively rearrang-
ing regions, into a solid-state-like (faster) diffusion mode governed by an Arrhenius-type
process. In the latter mode, the activation energy for diffusion does not depend on tem-
perature [85] (see also [86, 87, 88, 89]). With such assumption, the time-lag in nucleation
has to be expected according to Eq. (28) to exhibit also a temperature dependence of
Arrhenius type. This expectation is confirmed by experimental data on the time-lag in
crystal nucleation discussed in [17]. Eq. (38) we will utilize in the present model analysis
of the effect of relaxation of the liquid on crystal nucleation. The implementation of these
ideas into the model analysis will be discussed in the next section.

4.2 Relaxation and Crystal Nucleation: Numerical Computa-

tions

We model crystal nucleation and growth processes by the standard set of kinetic equa-
tions employed in CNT [18, 19] in the form as described in [13] and their analytical
consequences. Kinetic aspects enter CNT by the appropriate diffusion coefficient, D,
or the Newtonian viscosity, 7, of the liquid. As discussed in detail in [13, 18, 19], the
attachment coefficients can be written in the form
D) = 022/ (. 4) —
w(n,t) = Q—=n" w' (n,t) = Q—— (39)
dp dyn

Consequently, as the first of the tasks in the analysis of the effects of deviations of the
liquid from metastable equilibrium and relaxation on crystallization, we have to formulate
the prescription how we are going to express the diffusion coefficient of the particles in
the liquid for the model considered.

As already noted in Section 2, we describe the dependence of relaxation time on
temperature via Egs. (7), (8) and (9). A combination of Egs. (9) and (34) yields the
following expression for the viscosity

kT kT 7"
= = = ) ) 4
n 7 TR i exp <7 5T _ (40)
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Figure 12: Time dependence of the work of critical cluster formation and the steady-state
nucleation rate caused by isothermal relaxation of the structural order parameter for a

reduced temperature equal to 6 = 0.64 (see text).

In analogy to Eq. (38), the diffusion coefficient can be expressed then as

)
2 7(T)
(%) exp (—7.5T 4 o for T>Ty

(T_(O)> exXp <_759T (ﬁ) for T S Td
\

With these relations, we obtain from Eq. (36)

Tns  w (kpT\ [ R2 75T Ty (Ty — T)
=Ty, —=5\—xm )= - 42
(r) = 2 (mg) (dﬁ)eXp< T -T)T-1))

T<Ty=1.21"

In comparison with Eq. (36), an exponential term occurs in Eq. (42). Being equal to
one at T" = T}, this term decreases significantly and monotonically with a decrease of
temperature becoming equal to zero at T' = Tj. It follows that the characteristic time of
nucleation may become much shorter in this range of temperatures than the relaxation
time. This conclusion is illustrated in Fig. 8. Such behavior is not found if the Stokes-
Einstein-Eyring equation is utilized in the theoretical description.

Having at our disposal the tools for the analysis, we can get the desired information
on the nucleation behavior by solving the respective kinetic equations or utilizing the
analytical expressions, Egs. (25) and (29). Hereby, we always start at the melting tem-
perature and cool the system with a given rate down to a specified temperature near or
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Figure 13: Change of a) the modified structural order parameter (defined by Eq. (45))
and b) the steady-state nucleation rate in reduced form (Eq. (46)) at isothermal annealing

in dependence on the reduced time, ¢ = (t/75).

below Tg(T). Reaching the value of the chosen temperature, we follow the development of
the nucleation rate. We suppose that initially a value of the structural order parameter
is reached as described in Fig. 3. Isothermal relaxation of the structural order parameter
towards its equilibrium value results in changes of the work of critical cluster formation
and the steady-state nucleation rate. The results are shown for different values of reduced
temperature in Figs. 9-11. For a relatively high value of temperature in the glass transi-
tion range (6 = 0.64), the time evolution of the work of critical cluster formation and the
steady-state nucleation rate is shown in Fig. 12.

The behavior illustrated with Figs. 9-12 can be interpreted analytically. According
to Egs. (4) and (10), the change of the structural order parameter caused by isothermal
relaxation processes is given by

(g — ge)

€ _ & -8
dt — r(T,p,€) ¢ & (43)

As shown in [35, 61], an account of the dependence of the relaxation time on the structural
order parameter results in stretched exponential (Kohlrausch or Jenckel) relations for the
description of the relaxation behavior. Here we assume that the relaxation time depends
only on pressure and temperature kept constant in the experiment analyzing nucleation.
Consequently, Eq. (43) yields then

t
TR(T7 p) '
Employing this result, one obtains the dependencies for the work of critical cluster for-

mation and the steady-state nucleation rate as shown in the figures.
For a comparison of the behavior of the structural order parameter at different tem-

£t)=&0)exp (—t) , t= (44)

25


https://doi.org/10.20944/preprints202008.0719.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2020

peratures, we introduce in addition the quantity

P _E0-gh _ 1
" 5(0) - 56 5(0) - 56

This quantity varies always from zero to one. Its time dependence is shown in Fig. 13a, in
line with Eq. (45) its course does not depend on temperature. In similarly reduced units,

Jolt) = Jst(&e) — Ja(§(t =0)) 7

the change of the steady-state nucleation rate in isothermal annealing is shown in Fig. 13b
in dependence on the reduced time, t = (t/75(#)). &(t = 0) is the initial value of the
structural order parameter reached on cooling by the chosen rate and &, is the value at
metastable equilibrium of the liquid. As evident, the curves coincide widely. The charac-
teristic time to reach the ultimate value of the steady-state nucleation rate is determined,
consequently, by the structural relaxation time.

It follows that the characteristic times of approach of the ultimate time-independent
steady-state nucleation rates near and below the glass transition temperature are deter-
mined for all temperatures studied by the Maxwellian relaxation time. In line with the
results shown in Fig. 8, the relaxation time is much larger as compared to the time-lag in
nucleation. Consequently, we have here a situation quite different to the standard situa-
tion at isothermal crystallization widely analyzed in CNT, the approach to steady-state
conditions is not governed here by the time-lag in nucleation but by the relaxation time
of the liquid to the metastable equilibrium state (cf. [37, 38]). Note that this effect will
be even more pronounced if relaxation is described more correctly be stretched exponen-
tial relaxation. The corresponding quantitative modifications will be studied in a future
analysis, qualitatively, the results as outlined here will remain the same.

[(£(0) — &) — (&(1) = &)] = 1 —exp (—1) . (45)

(46)

5 Account of Stress Evolution and Stress Relaxation

in Crystal Nucleation

Crystallization of liquids or solids is accompanied by a change of the volume per unit
mass or per particle. These deviations of the volume may result in the evolution of elastic
stresses in crystal nucleation and growth in solids. Such stresses are of negligible effect
in crystallization in liquids at sufficiently low viscosities. However, on cooling a liquid,
in the vicinity of the glass-transition temperature and below elastic stresses may evolve
and have to be accounted for in the description of crystal nucleation [90, 91] and crystal
growth [92, 93] processes.

A theory accounting for the interplay of stress development and stress relaxation
on crystal nucleation has been developed in [18, 19, 20, 21| and applied by us to the
description of crystal nucleation in glass-forming liquids in [17, 22, 23, 24]. In [23], it was
shown that the account only of elastic stresses cannot explain to full extent the differences
of theoretical results and experimental data on the steady-state nucleation rates as shown
in Fig. 1. However, stresses have to be accounted for and, by this reason, we will briefly
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analyze here in which way they either increase or decrease the effect of deviations of the
liquid from the metastable equilibrium state on crystal nucleation. Moreover, we extend
here the analysis of elastic stress effects in nucleation accounting for their influence on
the surface tension of critical crystallites of the newly evolving phase.

Incorporating elastic stresses into the description of crystal nucleation, the change of
the Gibbs free energy in cluster formation has to be written instead of Eq. (13) in the
form [13, 18, 19, 20, 21]

AG(n) 2= —n(Au(T, p;€) — (n)) + (T, p; E)n** . (47)

If nucleation proceeds in a Hookean solid (for that case we use the notation € = ¢y), the
parameter € = ¢, is determined by the elastic constants of both phases and (provided,
as assumed here, that stresses are caused by density difference in both phases) does not
depend on the number of particles in the crystallite. As shown in detail in [18, 19, 90],
this parameter can become comparable in magnitude with Ap.
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Figure 14: Dependence of the ratio (¢(n.)/g¢) on the ratio 7,s/7r according to Eq. (48).
This ratio determines the decrease of the thermodynamic driving force in crystal nucle-
ation caused by elastic stresses accounting for stress evolution and stress relaxation in

highly viscous liquids.

For crystal nucleation in viscous liquids, the effective value of the stress parameter ¢ is
determined by the interplay of stress evolution (caused by the formation of a crystallite)
and stress relaxation accompanying this process. Assuming, as done here, that relaxation
is described by Maxwell’s relaxation law, the effective value of ¢ for a crystallite of critical

size is given by
e(ne) ~ TR {1 — exp (—E)} . (48)
€o Tns TR
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Accounting for Egs. (36) and (42), Eq. (48) describes, at least, qualitatively correctly, the
transition from nucleation in a liquid to nucleation in a solid as illustrated in Fig. 14. In
Fig. 15, this ratio, (¢(n.)/eo), is shown in dependence on reduced temperature. For high
temperatures near to the melting temperature, 7,,, elastic stresses relax in the course of
formation of a critical crystallite. For temperatures below the glass transition tempera-
ture, relaxation can be neglected and crystal nucleation proceeds as in a Hookean solid.
An account of stretched exponential relaxation or a dependence of the relaxation time on
the structural order parameter leads to an increase of £(n.) as compared with Eq. (48)
20, 21].

Moreover, in line with cited previous studies, we use here the structural relaxation
time for the description of stress relaxation. Of course, as discussed from a theoretical
point of view in [80, 92] and confirmed by experiment, the characteristic times of stress
relaxation may differ from the structural relaxation times. Such modifications do not lead
to qualitative changes of the main conclusion: Elastic stress effects may affect crystal
nucleation only in cases when the structural relaxation time is considerably larger than
the time-lag in nucleation, i.e., at conditions when crystallization proceeds concomitantly
with structural relaxation. Their role in crystal nucleation increases with decreasing
temperature.

1.0

Decoupling of D(T') and n(T)
—— SEE equation
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Figure 15: Dependence of the ratio (e(n.)/ep) on temperature computed a) via Eqgs. (35)
and (48) and b) via Egs. (42) and (48). Only when decoupling of diffusion and relaxation
is accounted for, a correct description of essential features of elastic stress effects on
crystallization is incorporate in the theory, the transition from a viscous liquid at high to

a Hookean solid a low temperatures.

Completing previous studies, finally, we would like to advance estimates now of the
effect of elastic stresses on the surface tension. Melting a critical crystallite, the elastic
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energy generated by its evolution results in an additional contribution to the melting
enthalpy. Utilizing the methods developed in [9, 11, 12, 13, 70] and applied here in the
derivation of Eq. (20), we may formulate similarly to Eq. (18) the following relation to
account for the dependence of the surface tension on elastic stresses

o(T,p,&e)  TAs(T,p;§) +¢
U(Tm,pm) N TmAS(Tmapm) 7

resulting instead of Eq. (20) in

o(T,p,&e) T Ac T k& In&.\ - g(ne)
0(Lonspm) T {1 N As:q, (1 N T_m> N ( Asy, )g] T ToAsy (50)

or, with Eq. (48), in

o(T,p,§e) T Ac, T k€. Iné&.\ -
T e () - (PR e e

€0 TR Tns
— 1-— —_— .
+TmA3m (TnS) { b ( TR)}

It follows as a consequence that elastic stresses not only result in a decrease of the ther-
modynamic force of crystallization, but also in an increase of the surface tension. Latter
property is expected to enhance considerably the effect of elastic stresses on crystal nucle-
ation and has to be accounted for in the complete resolution of the problems illustrated
here with Fig. 1. A detailed study of the consequences of the changes of the surface
tension on crystal nucleation in highly viscous liquids is consequently a highly interesting
task and will be performed in near future.

As a general conclusion we can state that the interplay of elastic stress evolution
and elastic stress relaxation becomes of importance for crystal nucleation at the same
conditions when deviations of the liquid from its metastable state have to be accounted
for in the description of crystal nucleation. Both factors (deviations from metastable
equilibrium and stresses) act consequently as a rule simultaneously. Their effects are
determined by the ratio 7,s/7r of time-lag in nucleation and Maxwellian relaxation time.
Elastic stress effects result in an increase of the surface tension and a decrease of the
thermodynamic driving force of crystal nucleation and, consequently, in an increase of
the work of critical cluster formation, i.e., they enhance the effects caused by deviations
of the liquid from metastable equilibrium on cooling.

(49)

6 Discussion

In CNT it is assumed commonly that relaxation processes of the liquid undergoing crys-
tallization to the respective metastable equilibrium state proceed prior to crystallization.
Only in such cases, the determination of the thermodynamic driving force and the surface
tension for crystallites in the metastable liquid is appropriate for the description of the
thermodynamic aspects of crystal nucleation and growth. In such situation, the initial
time-dependence of the nucleation rate is caused by time-lag effects connected with the
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Figure 16: Experimental data for the time dependence of the work of critical cluster
formation, W.(t)/kgT, and the steady-state nucleation rate, Js(t), caused by isothermal
relaxation. The crystal-nucleation experiments were performed with LisO - 25105 (L2S)
at a temperature 7' = 430 °C. The average trends are given in Fig. 16a in line with
the phenomenological theory developed in the present study. However, there are strong
indications in the detailed analysis of experimental data that the approach to metastable
equilibrium is more complex. Temporarily, the liquid may be trapped in local minima of
the potential energy landscape as illustrated in Fig. 4d resulting in a step-wise change
of the work of critical cluster formation and the steady-state nucleation rate as shown in

Fig. 16b. For the details of this and further experiments, see [36].

establishment of a steady-state cluster size distribution up to crystallites of critical sizes
as suggested first by Zeldovich and advanced then by many others [18, 19, 94, 95].
Extending previous studies, here we developed for the first time a detailed quantitative
description modeling the opposite situation, when the typical relaxation times of the liquid
to the metastable liquid are large as compared with the time-lag in nucleation. As shown
here, (i) such situation occurs as a general rule when diffusion and viscosity or relaxation
decouple (Fig. 8). Once this is the case, (ii) the state of the liquid established initially on
cooling (or by variations of other control parameters like pressure) differs from the one
of the metastable liquid (Fig. 3). It depends significantly on the cooling rate or, more
generally, on the particular way the liquid is transferred to the state where nucleation is
analyzed. (iii) These deviations will significantly affect the nucleation rate if the surface
tension and the thermodynamic driving force of crystallization depend to a sufficiently
large degree on the deviations from metastable equilibrium (modeled by one or a set of
structural order parameters; see Figs. 5-7). (iv) Relaxation of the liquid proceeding slowly
as compared to nucleation affects significantly nucleation and growth processes. It leads
to properties as illustrated in Figs. 9-13. The steady-state nucleation rate varies with
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time but this is a quite different mechanism as compared to the change of the nucleation
rate with time studied first by Zeldovich. Here it is the Maxwellian relaxation time which
determines the time of approach of ultimate time-independent conditions in the relaxing
liquid. (v) Elastic stress effects act in line with the effects of deviations of the liquid from
the metastable state resulting in an increase of the work of critical cluster formation and a
decrease of the steady-state nucleation rates (see Figs. 14-15). Their effects on nucleation
increase with decreasing temperature and, as the rule, they have also have to be accounted
for in a comprehensive correct treatment of crystal nucleation in glass-forming liquids near
and below the glass transition temperature.

An experimental realization of a type of behavior as studied theoretically in the present
analysis is shown in Fig. 16a. It shows a time-dependence of the work of critical cluster
formation and the steady-state nucleation rate being qualitatively identical to the theo-
retical results illustrated in Fig. 12. A detailed description of the experimental data with
similar curves obtained for this and other temperatures is given in [36]. However, there
are strong indications in the detailed analysis of experimental data that the approach to
metastable equilibrium is more complex as compared to the results shown here in Figs. 12
and 16a supplying us with the average general trend in the evolution of the crystallization
kinetics. Temporarily, the liquid may be trapped in local minima of the potential energy
landscape as illustrated in Fig. 4d resulting in a step-wise change of the work of critical
cluster formation and the steady-state nucleation rate. This feature observed in the ex-
periments is shown in Fig. 16b. Its analysis and further proof requires, as we believe, a
detailed microscopic analysis of the effects of structural relaxation on crystal nucleation
at temperatures sufficiently below the glass transition temperature.

In Fig. 17, the steady-state nucleation rates, J(#,£(0)), are given as functions of
temperature for the cases that the structural order parameter is equal to its value reached
on cooling (Fig. 3) and after complete relaxation to metastable equilibrium, J(0,&.).
Changes of the steady-state nucleation rates resulting from the relaxation of the structural
order parameter are indicated by arrows. The characteristic times of change of the steady-
state nucleation rates are determined by the value of the Maxwellian relaxation time (see
also Fig. 13). By this reason, the values for the steady-state nucleation rate reported
in different experimental studies depend in this temperature range significantly on the
duration of the experiments. For sufficiently low temperatures the metastable liquid may
never be reached in typical time scales of experimental studies. However, in any case, it
is always really the steady-state nucleation rate which is measured in the system for the
time scales under consideration and its variations with time are not caused by time-lag
effects.

Two additional conclusion can be drawn from the results of our analysis illustrated in
Fig. 17: Crystal nucleation may be observed in systems at low temperatures sometimes
only after sufficiently prolonged isothermal annealing (cf. [49, 50, 51, 52, 53]). Relaxation
does not occur prior to crystal nucleation in glasses because it inhibits crystal nucleation
but, in contrast, it catalyzes nucleation. It leads in the course of annealing to sufficiently
low values of the work of critical cluster formation resulting in sufficiently large nucleation
rates which can be observed experimentally (cf. [41, 42, 43, 44]).

A comparison of Figs. 1 and 17 shows that the mechanisms of crystal nucleation studied
in this paper supply us with an straightforward explanation of the so-called “breakdown”
of CNT at temperatures below the temperature, T,,,.. In cooling the liquid, near to
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Figure 17: Steady-state nucleation rates, J(#,£(0)), are shown as functions of temperature
for the cases that the structural order parameter is equal to its value reached on cooling
(for a cooling rate as employed in Fig. 3 (blue curve)) and after complete relaxation to
metastable equilibrium, J(6, ) (black curve), representing the ultimately reached steady-
state nucleation rates. In accordance with the results of analysis presented in Fig. 13, the
values of the Maxwellian relaxation times determine the time of evolution to metastable
equilibrium. Their values for different temperatures are also given in the figure. In this
illustration, elastic stress effects are not incorporated. Their account results in shifts of

both curves to lower values in the temperature range where blue and black curves deviate.

the glass transition temperature deviations of the state of the liquid from metastable
equilibrium result in nucleation rates described by the blue curve. These curves deviate
from the black curve obtained in terms of CNT not accounting appropriately for such
effects. Our approach and its results confirm the point of view that mentioned anomaly
can be treated in terms of CNT and is a particular realization of even much more complex
and intriguing features of crystal nucleation than commonly assumed so far (cf. [37, 38]).

Finally, we would like to underline once again that in the temperature range where
deviations of the liquid from its metastable initial state have to be accounted for in
the description of nucleation ((7,s/7r) < 1) also the interplay of evolution of elastic
stresses and stress relaxation affects considerably crystal nucleation. Accounting for such
stress effects, the black curve in Fig. 17 will never be reached even for infinite relaxation
times. As shown in Section 5, a correct description of the effect of elastic stresses in
crystallization in the transition of a liquid from low-viscosity fluid to high-viscosity fluid
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and/or solid requires the fulfilment of this inequality ((7,,s/7r) < 1). Once one has to
expect that sufficiently below T}, the glass behaves as a solid, always this inequality will
be realized with decreasing temperature. This consequence leads also to the conclusion
that deviations of the liquid from its metastable state have to be accounted for, as a rule,
if crystal nucleation is described near and below Tj,. A detailed analysis of the effect of
elastic stresses on crystallization has been performed recently by us in [17] as one possible
method of resolution of the low temperature anomaly in the theoretical description of
crystal nucleation. The account of the effect of elastic stresses on the surface tension, as
described in the present paper, will increase its influence on crystal nucleation. A detailed
analysis of the consequences of stress effects on the surface tension and its consequences
will be performed in a future analysis.

Note also that, in general, self-consistency corrections have to be accounted for in
the determination of the work of critical cluster formation, as discussed in detail in one
of our preceding papers [13]. Such corrections will, however, not change the general
results derived here and by this reason are omitted in the present paper for clarity of
the presentation. As shown in cited paper, self-consistency corrections do not affect the
results of theoretical analysis if the process is studied by solving the set of kinetic equations
modeling crystal nucleation and growth in the framework of CNT. This model can be used
also in the analysis of the spectrum of problems analyzed in the present paper. In addition
to the conventional procedure, one has to add then Egs. (4) and (5) to model the change
of the structural order parameter with time and/or temperature and to take into account
changes of the kinetic coefficients (Eq. (39)) accounting for stress evolution and stress
relaxation. Latter procedure can be performed employing the results outlined in [92, 93].
Utilizing this set of kinetic equations one can arrive at a more detailed description of
nucleation and growth accounting appropriately for effects of glass transition, structural
relaxation, and the interplay of stress development and stress relaxation at any desired
path of change of temperature (or other external control parameters). In particular, one
can describe in such approach the influence of preformed nuclei on crystal nucleation
kinetics in glasses near and below the glass transition temperature as studied, for the case
of soda-lime-silica glasses, experimentally in [96, 97]. The general conclusions derived in
the present analysis will remain, of course, unchanged in such more detailed description.

7 Conclusions

1. On cooling, a liquid is transferred, in the glass transition range and below it, into
a thermodynamically non-equilibrium state, the glass. Therefore, its properties be-
come different from the properties at the corresponding (relaxed) metastable equi-
librium state. As a consequence, the main thermodynamic and kinetic parameters
determining the rate of crystal nucleation become dependent on such deviations
from metastable equilibrium. These deviations result, in particular, in changes of
the theoretical estimates of the steady-state nucleation rates and the time-lag in nu-
cleation. The glass transition temperature and the properties of the glass depend on
cooling and heating rates or, more generally, on the path the system is transferred
into the state where nucleation is studied. Consequently, accounting for deviations
of the state of the liquid from metastable equilibrium, its dependence on cooling
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and heating rates or the way the system is transferred into the respective state has
to be determined.

2. Experiments on the determination of the steady-state nucleation rate and the time
lag in nucleation are normally performed by transferring the liquid into the desired
initial state at moderate cooling rates. At such process conditions, the glass transi-
tion takes place at a temperature 7, g(T), defined by Tammann as the temperature at

which the liquids Newtonian viscosity, 7, is equal to 7 (T g(T)> =~ 10'2 Pa s. At such

typical experimental conditions, the glass transition temperature and the tempera-
ture of the maximum crystal nucleation rate, T},,, and Tg(T), are close, T = Tg(T).
Consequently, the hypothesis can be advanced that specific features of crystal nucle-
ation occurring at the glass transition temperature and below it may be the origin
for the problems in the theoretical interpretation of experimental results on steady-
state nucleation rates near and below the maximum of the steady-state nucleation
rate.

3. As shown here, deviations from metastable equilibrium (caused by cooling and the
resulting transfer of a relaxed supercooled liquid into a glassy state) are always ac-
companied by an increase both of the thermodynamic driving force of crystallization
and the surface tension. Consequently, isothermal annealing processes in the course
of nucleation (relaxation of the glassy state towards metastable equilibrium) are ac-
companied by a decrease of both the thermodynamic driving force of crystallization
and the surface tension. As one of the consequences of these processes, isothermal
relaxation leads, as a rule, to a decrease of the work of critical cluster formation and
an increase of the steady-state nucleation rates.

4. The effect of described above deviations of the liquid from metastable equilibrium
on crystal nucleation depends on the ratio of the characteristic time scales of nu-
cleation, (7), and relaxation, 7. In the range of temperatures of relevance for the
present study, T’ 5 1.2T£§T), the average time of formation of the first supercritical
nucleus, (1), is approximately equal to the time-lag in nucleation, (1) = 7,. If the
capillarity approximation and the Stokes-Einstein-Eyring equation are assumed to
be fulfilled, then the inequality 7g < 7,5 is always satisfied and relaxation is always
completed prior to crystal nucleation. However, these two assumptions are known
to be of limited validity. If they are removed, both cases 7p < 7,5 and Tg > Ty
may be realized and crystallization may proceed prior to relaxation. Provided the
latter condition, 7 > 7,4, is fulfilled, then nucleation proceeds concomitantly with
relaxation. For its description, expressions for the thermodynamic driving force and
the surface tension have to be employed where deviations of the state of the liquid
from metastable equilibrium are accounted for. Consequently, at such conditions,
they may be responsible for the deviations of theoretical predictions of steady-state
nucleation rates from experimental data as illustrated in Fig. 1. The validity of this
hypothesis is proven in the present study.

5. Provided the condition 75 > 7,, is fulfilled, moderate variations of the state of
the liquid with time in the course of nucleation and growth take place. As one
consequence, steady-state nucleation rates may change also slowly with time. The
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characteristic time-scales of such variations of the state of the liquid and the steady-
state nucleation rate are determined by the Maxwellian relaxation times. They may
be very large, so that they are frequently not reached in experimental analyses of
nucleation below 7j,. Anyway, the experimental studies performed and exhibiting
the "breakdown of CNT”-problem represent measurements of the steady-state nu-
cleation rates for the time interval where they are performed. In this sense, they
remain correct and they are described by CNT, if, as shown here, deviations of the
state of the liquid from metastable equilibrium are accounted for. In those measure-
ments, the liquid had not reached metastable equilibrium and, as a consequence,
the ultimate steady-state nucleation regime of nucleation was not established. In
fact, at sufficiently deep supercooling, the metastable liquid may not be reached at
all at reasonable laboratory time scales. Consequently, the computations employing
the method outlined in the present paper provide an independent confirmation that
the low temperature anomaly in silicate glasses is a particular realization of even
more complex, intriguing features of crystal nucleation than commonly assumed so
far.

6. Since relaxation is connected with an increase of the steady-state nucleation rates,
crystal nucleation may be observed in systems at low temperatures sometimes only
after sufficiently prolonged isothermal annealing. Relaxation does not occur prior
to nucleation in such cases because it inhibits crystal nucleation but, in contrast, it
leads to sufficiently low values of the work of critical cluster formation resulting in
sufficiently large nucleation rates which can be observed experimentally.

7. The condition, 7z > 7,s, which has to be fulfilled that glass transition and relaxation
may affect nucleation leads simultaneously to the requirement that elastic stresses
may become of significant importance for the specification of the thermodynamic
driving force and the surface tension. Elastic stresses result in a decrease of the
thermodynamic driving force and, as shown here for the first time, in an increase
of the surface tension. In this way, they act in the same direction as deviations of
the state of the liquid from equilibrium leading to an increase of the work of critical
cluster formation. Experimental data on crystal nucleation near and below the
glass transition are consequently always affected by both factors - deviations from
metastable equilibrium and elastic stresses - once the inequality 7z > 7, holds.

8. Finally, the present analysis indicates the possibility of existence of crystal nucle-
ation flashes during heating. They are expected to be of significant importance, in
particular, for the correct description of cold crystallization, a phenomenon widely
discussed in polymer physics. This highly interesting consequence of the formalism
presented here will be analyzed in detail in a future study. However, this is only one
in the wide spectrum of its possible applications to the description of crystal nucle-
ation and growth processes where the advanced here method of theoretical analysis
is believed to lead to new insights.
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Appendix: Some Features of the Lattice-Hole Model

Employed in the Present Analysis

The thermodynamic functions of the liquid are described in the framework of the lattice-
hole model used in the present analysis by the sum of contributions resulting from the
thermal motion of the molecules of the liquid supplemented by configurational contribu-
tions described by the structural order parameter, £&. The configurational contribution to
the molar volume (or the excess volume) is given by [18, 19]

V::onf = NAUO(pv T)g . (Al)

Here N4 is the Avogadro number. The configurational contribution to the enthalpy,
H o5, of one mole of the liquid is described in the framework of this lattice-hole model
via the molar heat of evaporation, AH,,(7T,,), of the liquid at the melting temperature as

Heony = x1AHe(T,)€ AH,(T,,) = x2RT,, with X2 = 20 . (A2)

The parameter y; will be determined later.
The configurational part of the entropy per mole is described in this model via the
conventional mixing term

Seony = —R (ln(l —&)+ 1 f ¢ ln§> : (A3)
Employing a truncated Taylor expansion of S, (£) in the vicinity of & = &, the difference
Seconf(§) = Scons (&) can be written approximately as

Sconf(f) - Sconf(ﬁe) = —Rln é_e (5 - fe) = _R(ée lnée)f y <A4)

where £ is defined by Eq. (10).
With H = U + pV, we obtain for the configurational contribution to the internal
energy the relation

Uconf = [XIAHev(Tm) _pUO(p7 T)]€ : (A5)
Finally, employing the definition of Gibbs’ free energy, G = U — T'S + pV, we arrive at
Geonf = XiAHe(T),)€ + RT <ln(1 —&)+ 1 f ¢ lnf) . (A6)

The equilibrium value of the structural order parameter, £ = &, is determined via the
relation (OGons/0€),r = 0. With Eqgs. (A2) and (A6), we obtain the following result

ﬂ_‘l@l

e, N ) where X = X1X2 - (AT)

Knowing the value of xy (c.f. Eq. (A2)), we determine the value of the parameter x;
demanding that at T' = T, the value of & should be approximately equal to 0.05 (corre-
sponding to experimentally observed density differences between liquid and crystal at the
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melting temperature, T, [18, 19]). In the computations performed here we set ys = 20
and x; = 0.166 resulting in y = 3.32.

As it should be the case, in the vicinity of the state of configurational equilibrium
(defined via the condition (0Geons/0¢)|, e, = 0), we obtain from Eq. (A6) after per-
forming a truncated Taylor expansion the result

(€—¢&)*. (A8)

p, T, §=Ee

82 Gconf )

1
Gconf(p, T’ 5) = Gconf(p7 T; ge) - 5 < 852

The value of G = (02Geons/0E?)|e=e. > 0 at equilibrium can now be easily calculated
based on Egs. (A6) and (A7). For the considered case of small values of &, we get as a
sufficiently correct estimate estimate [57]

RT
‘ &
Egs. (A4) and (A9) are used in the present analysis for the generalization of the expressions

for the thermodynamic driving force and the surface tension in the description of crystal
nucleation.

(A9)

Acknowledgments

J.W.P.S. would like to express his sincere gratitude to Christoph Schick (Rostock, Ger-
many) for stimulating discussions.

Author contributions

All authors contributed significantly to the present paper. J.W.P.S. wrote the manuscript.
T.V.T. and A.S.A. performed the computations and prepared the figures. All authors
intensively participated in the discussion of the problems outlined and the different vari-
ants of the manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding

Sao Paulo Research Foundation (FAPESP) CeRTEV: Grants 2013/07793-6 and 2019/02396-
5; Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) Brazil, Fi-
nance Codes 001 and 88887.468838,/2019-00.

Conflicts of interest:

The authors declare no conflict of interest.

37

d0i:10.20944/preprints202008.0719.v1


https://doi.org/10.20944/preprints202008.0719.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2020 d0i:10.20944/preprints202008.0719.v1

References

[1] W. Héland and G. H. Beall, Glass-Ceramic Technology (Third Edition; Wiley, New
Jersey, 2019).

[2] G. Wilde, Early Stages of Crystal Formation in Glass-forming Metallic Alloys. In: J.
W. P. Schmelzer (Editor), Glass: Selected Properties and Crystallization (de Gruyter,
Berlin, 2014, pp. 95-135).

[3] J. H. Perepezko and G. Wilde, Melt undercooling and nucleation kinetics, Current
Opinion in Solid State and Materials Science 20, 3-12 (2016).

[4] G. C. Sosso, Ji Chen, S. J. Cox, M. Fitzner, P. Pedevilla, A. Zen, and A. Michaelides,
Crystal Nucleation in Liquids: Open Questions and Future Challenges in Molecular
Dynamics Simulations, Chemical Reviews 116, 7078-7116 (2016).

[5] D. R. Neuville, L. Cormier, D. Caurant, and L. Montagne (Eds.), From Glass to
Crystal - Nucleation, Growth, and Phase Separation: From Research to Applications
(EDP-Sciences, Les Ulis, 2017).

[6] J. D. Musgraves, J. Hu, and L. Calvez (Eds.), Springer-Handbook of Glass (Springer,
Heidelberg, 2019).

[7] Advances in Dielectrics Series (F. Kremer, Series editor): Crystallization as stud-
ied by Broadband Dielectric Spectroscopy, T. A. Ezquerra and A. Nogales (Eds.)
(Springer, Nature Switzerland AG, 2020).

[8] J. W. P. Schmelzer, A. S. Abyzov, E. B. Ferreira, and V. M. Fokin, Curvature depen-
dence of the surface tension and crystal nucleation in liquids, International Journal
of Applied Glass Science 10, 57-68 (2019).

[9] J. W. P. Schmelzer, A. S. Abyzov, and V. G. Baidakov, Entropy and the Tolman Pa-
rameter in Nucleation Theory, Entropy 21, 670/1-45 (2019): doi:10.3390/e21070670.

[10] R. Tolman, The Effect of Droplet Size on Surface Tension, J. Chem. Phys. 17, 333-
337 (1949).

[11] J. W. P. Schmelzer and A. S. Abyzov, Crystallization of glass-forming liquids: Ther-
modynamic driving force, J. Non-Crystalline Solids 449, 41-49 (2016).

[12] J. W.P. Schmelzer and A. S. Abyzov, Crystallization of glass-forming liquids: Specific
surface energy, J. Chem. Phys. 145, 064512/1-11 (2016).

[13] A. S. Abyzov, J. W. P. Schmelzer, V. M. Fokin, and E. D. Zanotto, Crystallization
of supercooled liquids: Self-consistency correction of the steady-state nucleation rate,
Entropy 22, 558/1-28 (2020); doi:10.3390/e22050558.

[14] V. M. Fokin, A. M. Kalinina, and V. N. Filipovich, Nucleation in silicate glasses and
effect of preliminary heat treatment on it, J. Cryst. Growth 52, 115-121 (1981).

38


https://doi.org/10.20944/preprints202008.0719.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2020 d0i:10.20944/preprints202008.0719.v1

[15] V. M. Fokin, Investigation of stationary and non-stationary crystal nucleation rates
in model glasses of stoichiometric composition LioO - 25105 and 2Nay0 - CaO - 35104
(PhD-Thesis, Grebenshchikov Institute of Silicate Chemistry of the Russian Academy
of Sciences, Leningrad, Russia, 1980).

[16] G. A. Sycheva, Determination of the size of the critical nucleus of crystals in lithium
and sodium silicate glass, Glass Physics Chemistry 41, 302-306 (2015).

[17] A.S. Abyzov, V. M. Fokin, A. M. Rodrigues, E. D. Zanotto, and J. W. P. Schmelzer,
The effect of elastic stresses on the thermodynamic barrier for crystal nucleation, J.
Non-Crystalline Solids 432, 325-333 (2016).

[18] I. S. Gutzow and J. W. P. Schmelzer, The Vitreous State: Thermodynamics, Struc-
ture, Rheology, and Crystallization (First edition, Springer, Berlin, 1995).

[19] 1. S. Gutzow and J. W. P. Schmelzer, The Vitreous State: Thermodynamics, Struc-
ture, Rheology, and Crystallization (Second enlarged edition, Springer, Heidelberg,
2013).

[20] J. W. P. Schmelzer, R. Miiller, J. Méller, and 1. S. Gutzow, Elastic Stresses, Stress
Relazation, and Crystallization: Theory, Physics and Chemistry of Glasses 43 C,
291-298 (2002).

[21] J. W. P. Schmelzer, R. Miiller, J. Méller, and 1. S. Gutzow, Theory of Nucleation
in Viscoelastic Media: Application to Phase Formation in Glassforming Melts, J.
Non-Crystalline Solids 315, 144-160 (2003).

[22] J. W. P. Schmelzer, O. V. Potapov, V. M. Fokin, R. Miiller, and S. Reinsch, The
Effect of FElastic Stress Fvolution and Relazation on Crystal Nucleation in Lithium
Disilicate Glasses, J. Non-Crystalline Solids 333, 150-160 (2004).

[23] V. M. Fokin, E. D. Zanotto, J. W. P. Schmelzer, and O. V. Potapov, New Insights
on the Thermodynamic Barrier for Nucleation in Lithium Disilicate Glass, J. Non-
Crystalline Solids 351, 1491-1499 (2005).

[24] J. W. P. Schmelzer and C. Schick, General concepts of crystallization: Some recent
results and possible future developments. In: Advances in Dielectrics Series (F. Kre-

mer, Series editor): Crystallization as studied by Broadband Dielectric Spectroscopy,
T. A. Ezquerra and A. Nogales (Eds.) (Springer, Nature Switzerland AG, 2020).

[25] V. M. Fokin, A. S. Abyzov, E. D. Zanotto, D. R. Cassar, A. M. Rodrigues, and J.
W. P. Schmelzer, Crystal nucleation in glass-forming liquids: Variation of the size of
the “structural units” with temperature, J. Non-Crystalline Solids 447, 35-44 (2016).

[26] A.S. Abyzov, V. M. Fokin, N. S. Yuritsyn, A. M. Rodrigues, and J. W. P. Schmelzer,
The effect of heterogeneous structure of glass-forming liquids on crystal nucleation,
J. Non-Crystalline Solids 462, 32-40 (2017).

[27] R. Zhang, E. Zhuravlev, J. W. P. Schmelzer, R. Androsch, and C. Schick, Steady-State
Crystal Nucleation Rate of Polyamide 66 by Combining Atomic Force Microscopy and
Fast-Scanning Chip Calorimetry, Macromolecules 53, 5560-5571 (2020).

39


https://doi.org/10.20944/preprints202008.0719.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2020

28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

V. M. Fokin, E. D. Zanotto, N. S. Yuritsyn, and J. W. P. Schmelzer, Homogeneous
Crystal Nucleation in Silicate Glasses: A Forty Years Perspective, J. Non-Crystalline
Solids 352, 2681-2714 (2006).

J. W. P. Schmelzer, V. M. Fokin, A. S. Abyzov, E. D. Zanotto, and 1. Gutzow, How
Do Crystals Form and Grow in Glass-Forming Liquids: Ostwald’s Rule of Stages and
Beyond, International Journal of Applied Glass Science 1, 16-26 (2010).

J. W. P. Schmelzer and A. S. Abyzov, Comments on the thermodynamic analysis of
nucleation in confined space, J. Non-Crystalline Solids 384, 2-7 (2014).

G. P. Johari and J. W. P. Schmelzer, Crystal Nucleation and Growth in Glass-forming
Systems: Some New Results and Open Problems. In: J. W. P. Schmelzer (Editor),

Glass: Selected Properties and Crystallization (de Gruyter, Berlin, 2014, pp. 521-
585).

J. W. P. Schmelzer, A. S. Abyzov, and V. M. Fokin, Crystallization of glass: What we
know, what we need to know, International Journal Applied Glass Science 7, 253-261
(2016).

J. W. P. Schmelzer and A. S. Abyzov, Crystallization of glass-forming melts: New
answers to old questions, J. Non-Crystalline Solids 501, 11-20 (2018).

J. W. P. Schmelzer and A. S. Abyzov, How do crystals nucleate and grow: Ostwald’s
rule of stages and beyond. In: J. Sestak, P. Hubik, J. J. Mares (Eds.), Thermal physics
and thermal analysis: From macro to micro highlighting thermodynamics, kinetics,
and nano-materials (Springer, Cham, Switzerland, 2017, ISBN 9789048131495, pgs.
195-211).

J. W. P. Schmelzer and C. Schick, Dependence of Crystallization Processes of Glass-
forming Melts on Prehistory: A Theoretical Approach to a Quantitative Treatment,

Physics and Chemistry of Glasses, European Journal of Glass Science and Technology
B 53, 99-106 (2012).

V. M. Fokin, A. S. Abyzov, N. S. Yuritsyn, J. W. P. Schmelzer, and E. D. Zan-
otto, Effect of Structural Relaxation on Crystal Nucleation in Glasses, submitted for
publication.

D. R. Cassar, A. H. Serra, O. Peitl, and E. D. Zanotto, Critical assessment of
the alleged failure of the Classical Nucleation Theory at low temperatures, J. Non-
Crystalline Solids 547, 120297 (2020); doi:10.1016/j.jnoncrysol.2020.120297.

X. Xia, D. C. van Hoesen, M. E. McKenzie, R.E. Youngman, and K. F. Kelton,
The Low-Temperature Nucleation Rate Anomaly in Silicate Glasses is an Artifact,
arXiv.org>cond-mat>arXiv:2005.04845.

K. F. Kelton and A. L. Greer, Nucleation in Condensed Matter: Applications in
Materials and Biology (Pergamon, Amsterdam, 2010).

40

d0i:10.20944/preprints202008.0719.v1


https://doi.org/10.20944/preprints202008.0719.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2020 d0i:10.20944/preprints202008.0719.v1

[40] C. A. Angell, D. R. MacFarlane, and M. Oguni, The Kauzmann Paradoz, Metastable
Liquids, and Glasses: A Summary, in: C. A. Angell, M. Goldstein (Eds.), Dynamic
Aspects of Structural Change in Liquids and Glasses, Annals New York Academy of
Sciences 484, 241-247 (1986).

[41] C. Schick, E. Zhuravlev, R. Androsch, A. Wurm, and J. W. P. Schmelzer, Influence
of Thermal Prehistory on Crystal Nucleation and Growth in Polymers. In: J. W.
P. Schmelzer (Editor), Glass: Selected Properties and Crystallization (de Gruyter,
Berlin, 2014, pp. 1-93).

[42] R. Androsch, C. Schick, and J. W. P. Schmelzer, Sequence of enthalpy relazation, ho-
mogeneous nucleation, and crystal growth in glassy Polyamide 6, European Polymer
Journal 53, 100-108 (2014).

[43] C. Schick, R. Androsch, and J. W. P. Schmelzer, Topical Review: Homogeneous
crystal nucleation in polymers, J. Phys.: Condens. Matter 29, 453002/1-35 (2017).

[44] R. Androsch, E. Zhuravlev, J. W. P. Schmelzer, and C. Schick, Relazation and crystal
nucleation in polymer glasses, European Polymer Journal 102, 195-208 (2018).

[45] E. D. Zanotto and D. R. Cassar, The race within supercooled liquids: Relaxation
versus crystallization, J. Chem. Phys. 149, 024503/1-9 (2018).

[46] J. W. P. Schmelzer, A. S. Abyzov, V. M. Fokin, and C. Schick, Kauzmann paradox
and the crystallization of glass-forming melts, J. Non-Crystalline Solids 501, 21-35
(2018).

[47] J. W. P. Schmelzer and T. V. Tropin, Glass transition, crystallization of glass-forming
melts, and entropy, Entropy 20, 103/1-32 (2018); doi:10.3390/¢20020103.

[48] J. W. P. Schmelzer and T. V. Tropin, Reply to ”Comment on ’Glass Transition, Crys-
tallization of Glass-Forming Melts, and Entropy’ by Zanotto and Mauro, Entropy
20, 704/1-7 (2018); doi:10.3390/e20090704.

[49] F. Paladi and M. Oguni, Anomalous generation and extinction of crystal nuclei in
nonequilibrium supercooled liquid o-benzylphenol, Phys. Rev. B 65, 144202 (2002).

[50] F.Paladi, V. J. Gamurai, and M. Oguni, Effect of annealing in glass-transition region
on anomalous generation and extinction of crystal nucler at very low temperatures in
o-benzylphenol and salol, Moldovian Journal of Physical Sciences 1, 64-68 (2002).

[51] F. Paladi and M. Oguni, Generation and extinction of crystal nuclei in an extremely
non-equilibrium glassy state of salol, J. Phys.: Condens. Matter 15, 2909-3917 (2003).

[52] S. Vyazovkin and I. Dranca, Physical Stability and Relaxation of Amorphous In-
domethacin, J. Phys. Chem. B 109, 18637-18644 (2005).

[53] S. Vyazovkin and 1. Dranca, Effect of Physical Aging on Nucleation of Amorphous
Indomethacin, J. Phys. Chem. B 111, 7283-7287 (2007).

41


https://doi.org/10.20944/preprints202008.0719.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2020

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

J. W. P. Schmelzer, Kinetic Criteria of Glass-Formation and the Pressure Depen-
dence of the Glass Transition Temperature, J. Chem. Phys. 136, 074512/1-11 (2012).

E. D. Zanotto and J. C. Mauro, Comment on “Glass Transition, Crystal-
lization of Glass-Forming Melts, and Entropy”, Entropy 20, 703/1-6 (2018):
doi:10.3390/e20090703.

T. V. Tropin, J. W. P. Schmelzer, and V. L. Aksenov, Modern aspects of the kinetic
theory of vitrification, Physics-Uspekhi (Uspekhi Fizicheskih Nauk) 59, 42-66 (2016).

J. W. P. Schmelzer and 1. Gutzow, Structural order parameters, the Prigogine-Defay
ratio, and the behavior of the entropy in vitrification, J. Non-Crystalline Solids 355,
653-662 (2009).

T. V. Tropin, J. W. P. Schmelzer, and C. Schick, On the Dependence of the Properties
of Glasses on Cooling and Heating Rates: 1. Entropy, Entropy Production, and Glass
Transition Temperature, J. Non-Crystalline Solids 357, 1291-1302 (2011).

T. V. Tropin, J. W. P. Schmelzer, and C. Schick, On the Dependence of the Prop-
erties of Glasses on Cooling and Heating Rates: II. Prigogine-Defay Ratio, Fictive
Temperature and Fictive Pressure, J. Non-Crystalline Solids 357, 1303-1309 (2011).

G. P. Johari, Configurational and residual entropies of nonergodic crystals and the
entropy’s behavior on glass formation, J. Chem. Phys. 132, 124509/1-7 (2010).

J. W. P. Schmelzer and I. S. Gutzow, Glasses and the Glass Transition (WILEY-
VCH, Berlin-Weinheim, 2011).

G. Tammann, Der Glaszustand (Engl.: The Vitreous State) (Leopold Voss Verlag,
Leipzig, 1933).

I. Gutzow, V. Yamakov, D. Ilieva, F. Babalevski, and L. D. Pye, Generic phenomeno-
logical theory of vitrification, Glass Physics and Chemistry 27, 148-159 (2001).

I. Gutzow, Ts. Grigorova, [. Avramov, and J. W. P. Schmelzer, Generic phenomenol-
ogqy of vitrification and relaxation and the Kohlrausch and Mazwell equations, Physics
and Chemistry of Glasses 43C, 477-86 (2002); Proc. XIX Int. Congr. Glass, Edin-
burgh, 1-6 July 2001.

J. Moller, I. Gutzow, and J. W. P. Schmelzer, Freezing-In and Production of Entropy
in Vitrification. J. Chem. Phys. 125, 094505/1-13 (2006).

I. Gutzow, J. W. P. Schmelzer, and S. Todorova, Frozen-In Fluctuations, Immis-
cibility and Crystallization in Ozide Melts and the Structural and Thermodynamic
Nature of Glasses, Phys. Chem. Glasses: Eur. J. Glass Science and Technology 49,
136-148 (2008).

V. M. Fokin, E. D. Zanotto, and J. W. P. Schmelzer, Homogeneous Nucleation versus
Glass Transition Temperature, J. Non-Crystalline Solids 321, 52-65 (2003).

42

d0i:10.20944/preprints202008.0719.v1


https://doi.org/10.20944/preprints202008.0719.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2020 d0i:10.20944/preprints202008.0719.v1

[68] J. W. P. Schmelzer, A. S. Abyzov, V. M. Fokin, C. Schick, and E. D. Zanotto, Crystal-
lization in glass-forming liquids: Effects of fragility and glass transition temperature,
J. Non-Crystalline Solids 428, 68-74 (2015).

[69] M. Goldstein, Viscous Liquids and the Glass Transition: A Potential Energy Barrier
Picture, J. Chem. Phys. 51, 3728-3739 (1969).

[70] J. W. P. Schmelzer, Application of the Nucleation Theorem to Crystallization of
Liquids: Some General Theoretical Results, Entropy 21, 1147/1-15 (2019); doi:
10.3390/e21121147.

[71] L. D. Landau and E. M. Lifshitz, Statistical Physics (Butterworth-Heinemann, Ox-
ford, 1980).

[72] R. Kubo, Thermodynamics (North-Holland Publishing Company, Amsterdam, 1968).
[73] V. P. Skripov, Metastable Liquids (Nauka; Moscow, 1972 (in Russian)).
[74] V. P. Skripov, Metastable Liquids (Wiley, New York, 1974).

. P. Skripov and V. P. Koverda, Spontaneous Crystallization of Undercooled Liquids
75] V. P. Skri d V. P. Koverda, S C llization of Und led Liquid,
(Nauka, Moscow, 1984, (in Russian)).

[76] V. P. Skripov and M. Z. Faizullin, Solid-Liquid-Gas Phase Transitions and Thermo-
dynamic Similarity (WILEY-VCH, Berlin-Weinheim, 2006).

[77] J. W. P. Schmelzer, A. S. Abyzov, and V. G. Baidakov, Time of formation of the
first supercritical nucleus, time-lag, and the steady-state nucleation rate, International
Journal Applied Glass Science 8, 48-60 (2017).

[78] V. V. Slezov, Kinetics of First-Order Phase Transitions (Wiley-VCH, Berlin-
Weinheim, 2009).

[79] S. V. Nemilov, The Results of Application of Maxwell’s Equation in Glass Science,
Glass Physics and Chemistry 40, 473-485 (2014).

[80] J. W. P. Schmelzer and T. V. Tropin, Kinetic criteria of glass-formation, pressure
dependence of the glass-transition temperature, and the Prigogine-Defay ratio, J. Non-
Crystalline Solids 407, 170-178 (2015).

[81] E. D. Zanotto and V. M. Fokin, Recent studies of internal and surface nucleation in
silicate glasses, Phil. Trans. Royal Society London A361, 591-613 (2003).

[82] K. L. Ngai, Relaxation and Diffusion in Complex Systems (Springer, Heidelberg,
2011).

[83] J. W. P. Schmelzer, A. S. Abyzov, V. M. Fokin, C. Schick, and E. D. Zanotto, Crys-
tallization in glass-forming liquids: Effects of decoupling of diffusion and viscosity on
crystal growth, J. Non-Crystalline Solids 429, 45-53 (2015).

[84] E. Réssler, Indications for a change of diffusion mechanism in supercooled liquids,
Phys. Rev. Lett. 65, 1595-1598 (1990).

43


https://doi.org/10.20944/preprints202008.0719.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2020

[85]

[36]

[87]

[33]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Ya. I. Frenkel, The Kinetic Theory of Liquids (Oxford University Press, Oxford,
1946).

M. Gao and J. H. Perepezko, Separating [-relaxation from a-relazation in fragile
metallic glasses based on ultrafast flash differential scanning calorimetry, Phys. Rev.
Materials 4, 025602/1-12 (2020).

M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids (Oxford University
Press, Oxford, 1987).

G. P. Johari, Decrease in heat capacity and enthalpy of an aging glass - a conflict
with standard procedure for determining enthalpy loss and fictive temperature, Ther-
mochica Acta, in press; doi:10.1016/j.tca.2020.178715.

N. Okamoto and M. Oguni, Discovery of crystal nucleation proceeding much below
the glass transition temperature, Solid State Communications 99, 53-56 (1996).

J. W. P. Schmelzer, R. Pascova, J. Moller, and 1. Gutzow, Surface Induced Devitri-
fication of Glasses: The Influence of Elastic Strains, J. Non-Crystalline Solids 162,
26-39 (1993).

J. W. P. Schmelzer, J. Modller, I. Gutzow, R. Pascova, R. Miiller, and W. Pannhorst,
Surface-energy and Structure Effects on Surface Crystallization, J. Non-Crystalline
Solids 183, 215-233 (1995).

J. Moller, J. W. P. Schmelzer, and 1. Avramov, Kinetics of Segregation and Crys-
tallization with Stress Development and Stress Relazation, phys. stat. sol. (b) 196,
49-62 (1996).

J. W. P. Schmelzer, E. D. Zanotto, I. Avramov, and V. M. Fokin, Stress develop-
ment and relazation during crystal growth in glass-forming liquids, J. Non-Crystalline
Solids 352, 434-443 (2006).

Ya. B. Zeldovich, On the Theory of New Phase Formation: Cavitation, Sov. Phys.
JETP 12, 525-538 (1942).

I. Gutzow, J. W. P. Schmelzer, and A. Dobreva, Kinetics of Transient Nucleation
in Glass-Forming Liquids: A Retrospective and Recent Results, J. Non-Crystalline
Solids 219, 1-16 (1997).

N. S. Yuritsyn, Influence of preformed nuclei on crystal nucleation kinetics in soda-
lime-silica glass J. Non-Crystalline Solids 427, 139-145 (2015).

N. S. Yuritsyn, Crystal Nucleation in Soda-Lime-Silica Glass at Temperatures below
the Glass Transition Temperature, Glass Physics and Chemistry 46, 120-126 (2020).

44

d0i:10.20944/preprints202008.0719.v1


https://doi.org/10.20944/preprints202008.0719.v1

