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Abstract

Within the framework of the classical nucleation theory (CNT) the nucleus±liquid surface energy (r) is one of the

most important parameters to predict or analyze nucleation kinetics in undercooled liquids. However, the few methods

proposed to determine r are based on the direct use of nucleation rate data and, thus, do not allow an independent test

of the theory. In the present paper, this parameter is estimated without direct use of nucleation rate data. Instead, we

provide further experimental evidence for the dissolution of sub-critical nuclei at several development temperatures and

use this e�ect to estimate the nucleus±liquid surface energy. The results of the present analysis demonstrate that, in

agreement with a new approach for the description of nucleation processes, not only the surface energy but also the

driving force for nucleation have quite di�erent values from those of the evolving macrophases. The possible impli-

cations of this result for the understanding of crystal nucleation in liquids are discussed. Ó 2000 Elsevier Science B.V.

All rights reserved.

1. Introduction

About a hundred years ago, Gustav Tammann
[1] analyzed crystallization processes in under-
cooled organic liquids at low temperatures in the
vicinity of the glass transition temperature, Tg. In
these analyses, he applied a procedure to experi-
mentally observe and determine the number
density of crystal nuclei. Since the typical sizes of
critical nuclei in liquids are undetectable by ex-

perimental techniques, they have ®rst to be de-
veloped to visible sizes. The procedure proposed
by Tammann is now known as the Tammann or
`development' method and is frequently used by
materials scientists in the determination of nu-
cleation kinetics. The method consists in devel-
oping the crystals nucleated at a low temperature,
Tn, at a higher temperature, Td > Tn, up to a size
visible under an optical or electron microscope.
The development temperature, Td, should be
chosen so that the following conditions are met
for the nucleation rate and crystal growth veloc-
ity, I and U, respectively: I�Tn� � I�Td� and
U�Td� � U�Tn�.

After a lapse of seventy years, Ito et al. [2] and
Filipovich and Kalinina [3] independently applied
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Tammann's method to study the crystal nucleation
kinetics of lithium dissilicate glasses. Since then,
this method has been widely employed for glass
crystallization studies. In using Tammann's
method, one usually assumes that the `develop-
ment' process includes only the growth of pre-
existing crystals that were nucleated at a lower
temperature. However, according to the classical
nucleation theory (CNT), the size of a critical
nucleus, r�, increases with temperature due to the
decrease in the thermodynamic driving force (e.g.,
[4]) and hence r��Td� > r��Tn�: Thus, only those
crystals that have reached a size r��Td� during heat-
treatment at Tn (due to crystal growth at Tn) are
able to grow at the development temperature, Td,
while those crystals having sizes smaller than
r��Td� dissolve at Td. Volmer and Weber [5] have
emphasized this point on commenting Tammann's
results in 1926.

The number of dissolving crystals increases
when the di�erence between Tn and Td and, thus
between r��Tn� and r��Td� increases. Hence the
number of developed crystals decreases with in-
creasing Td. Indeed, a reduction in the number of
developed crystals with increasing Td has been
found experimentally for organic liquids [6] as well
as for silicate glasses [7]. In the present paper, we
employ this e�ect for a determination of the nu-
cleus±liquid interfacial free energy.

The nucleus±liquid interfacial free energy, r, is
one is the most important parameters of CNT
controlling the nucleation rate �I � �A=g�
exp�ÿA0r3=T DG2�, where A and A0 are constants, g
is the viscosity coe�cient and DG is the thermo-
dynamic driving force). In accordance with Gibbs'
classical approach for the description of hetero-
geneous systems [8], DG is usually determined as
the di�erence in the Gibbs free energies per mole
or particle in the respective macroscopic crystalline
and liquid phases. Thus, to predict or analyze
nucleation kinetics in undercooled liquids with
CNT one needs to know the value of the interfacial
free energy. To this date, however, reliable, direct,
experimental methods to determine the crystal
nucleus±liquid surface energy are not known [9].

To estimate the crystal±liquid surface energy
the (semi-empirical) Scapski±Turnbull equation
[10] is often used

rT � aDHmV ÿ2=3
m Nÿ1=3

A ; �1�

where DHm is the molar heat of melting, Vm is
the molar volume, NA is Avogadro's number and a
is an empirical coe�cient obtained from nucle-
ation experiments. In particular, when the capil-
larity approximation of CNT is used (r �
constant), a varies from about 0.40±0.55 for sili-
cate glasses [11]. Eq. (1) was derived on the as-
sumption that the surface energy per structural
unit, located at the crystal-melt interface, is pro-
portional to the melting enthalpy per structural
unit.

The few existing methods for experimental de-
termination of r are quite complex and are gen-
erally based on nucleation experiments, involving
certain additional assumptions. For instance, the
assumption that r does not depend on temperature
allows the estimation of r from a ®t of nucleation
rate data at di�erent temperatures to CNT.
However, this approach leads to drastic discrep-
ancies between the magnitudes of calculated and
experimentally observed nucleation rates [12,13].

An alternative procedure is the calculation of r
from CNT using the theoretical pre-exponential
term of the nucleation rate equation and experi-
mental nucleation rate data. In doing so, the time
lag in nucleation [14] or the viscosity coe�cient
[15] is used to estimate the kinetic barrier for nu-
cleation. In the latter case, the Stokes±Einstein
equation is employed to correlate the kinetic bar-
rier with the glass viscosity. In both cases the cal-
culations lead to a temperature-dependent surface
energy with a positive coe�cient, i.e. to an increase
of r with temperature. This e�ective increase of r
has been widely discussed [16,17]. However, it has
been demonstrated [17] that the apparent temper-
ature dependence of r can be attributed to the
size dependence of the speci®c surface energy
expressed, for example, by Tolman's equation.

A new method for the determination of the
crystal±liquid surface energy was recently pro-
posed and applied to lithium disilicate glasses [18].
That method is based upon the use of nucleation
data in conjunction with an expression for tran-
sient nucleation. To calculate r by this method it is
necessary that both the nucleation rate and in-
duction periods be obtained from single-stage
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nucleation experiments. The results of [18] also
indicate an apparent positive temperature coe�-
cient for r.

As it becomes evident from the above summary,
the previous attempts to determine the crystal±liq-
uid surface energy rely on several assumptions and
have an additional disadvantage; once r is deter-
mined from nucleation experiments, the theory
looses its predictive power. Thus, the development
of new methods to determine r is highly desirable.
The independent determination of r is an open issue
and every contribution to its solution is of general
interest.

In the present paper, we give further experi-
mental evidence for the dissolution of sub-critical
nuclei at several development temperatures and
use this e�ect to estimate the nucleus±liquid sur-
face energy. First we present the theoretical
background of the method employed to estimate
the surface energy. Then, we describe the experi-
ments performed and give new evidence for the
dissolution of sub-critical nuclei in two silicate
glasses. Next, the experimental results are used for
an estimation of r. Finally, we discuss the results
of surface-energy obtained and compare them with
those estimated by other methods. This compari-
son leads to important consequences concerning
the bulk and surface properties of the critical
clusters. A summary completes the paper.

2. Theoretical background

The total number of supercritical crystals N,
nucleated at a temperature Tn in time t is given by

N�Tn; r��Tn�; t� �
Z t

0

I�Tn; t0�dt0; �2�

where I is nucleation rate and r��Tn� the critical
radius at the temperature Tn.

The number of crystals nucleated in the same
thermodynamic conditions, but having a size, r,
larger than the critical size at the development
temperature, r��Td�, is

N�Tn; r��Td�; t� �
Z tÿt0

0

I�Tn; t0�dt0; �3�

t0�Tn; Td� �
Z r��Td�

r��Tn�

dr
U�Tn; r� ;

where U is the crystal growth velocity. Here we
take into account the fact that critical clusters with
a size r��Tn� have to grow at least for a time t0 to
reach the size r��Td�.

Eqs. (2) and (3) yield

N�Tn; r��Tn�; t� � N�Tn; r��Td�; t � t0�: �4�
Hence, a N�Tn; r��Tn�; t� plot agrees with a
N�Tn; r��Td�; t� plot, with the only di�erence that
the latter is shifted along the time-axis by a time t0.
Thus, the development method provides the cor-
rect value of the steady-state nucleation rate and
an overestimated (by t0) value of the induction time
for nucleation. Then, the kinetic curves, N�Tn; t�,
obtained with di�erent development temperatures,
Td1 and Td2 > Td1; should be shifted from each
other by a time Dt0 � t02 ÿ t01.

The following equation was derived in [7] to
estimate this shift:

Dt0 �
Z r��Td2�

r��Td1�

dr
U�Tn; r�

� 1

U�Tn;1� r��Td2�
�

ÿ r��Td1�

� r��Tn� ln r��Td2� ÿ r��Tn�
r��Td1� ÿ r��Tn�

�
: �5�

In the derivation of Eq. (5), a size dependent
crystal growth velocity [19] was used

U�T ; r� � U�T ;1� 1

�
ÿ r��T �

r

�
: �6�

Note that this expression is employed only in the
range of cluster sizes r��Td1�6 r6 r��Td2�, i.e., at a
su�ciently large distance from r��Tn�.

Taking into account that

r��T � � 2r=DG�T �; �7�
where r is the critical nucleus±liquid surface free
energy, and DG is the di�erence between the free
energies of the liquid and crystal per unit volume
of crystal, and assuming that r depends only
weakly on the temperature, one may rewrite Eq.
(5) as
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r � 1

2
Dt0U�Tn;1� 1

DG�Td2�

",
ÿ 1

DG�Td1�

� 1

DG�Tn� ln

1
DG�Td2� ÿ 1

DG�Tn�
1

DG�Td1� ÿ 1
DG�Tn�

" ##
: �8�

Hence, it is possible to calculate the average value
of r in the temperature range Tn±Td2 from the
experimental values of Dt0, U�Tn;1� and DG. It
should be emphasized that in doing so neither
nucleation rate nor time lag for nucleation are
required.

3. Materials and methods

The dissolution of sub-critical nuclei at several
development temperatures was investigated in two
glasses having compositions close to Li2O � 2SiO2

and Na2O � 2CaO � 3SiO2. Analytical grade car-
bonates of lithium, sodium, and calcium, and
amorphous silicon dioxide were used for their
synthesis in a platinum crucible at �1500°C in an
electric furnace. The analyzed compositions of
glass samples are listed in Table 1.

To determine the number density of the nucle-
ated crystals we employed the Tammann method
using di�erent development temperatures. The
heat-treatments were performed in a vertical elec-
tric furnace that was capable of maintaining the
temperatures to �1°C. We measured the number
of crystals and their sizes with Jenaval and
Neophot optical microscopes.

To calculate the number of developed crystals
the standard Eqs. (9) and (10), derived for cubic
particles [20] and for prolate ellipsoids [21], re-
spectively, were employed:

N � NS

3b
; �9�

N � NS

dminK�q� ; K�q� � 1

2

1

q

2664 �
q ln

1�
�������
1ÿq2
p

q

� �
�������������
1ÿ q2

p
3775;

q � dmin=dmax; �10�
where NS is the number density of crystal traces on
the sample's cross-sections (polished surfaces), 2b
is the length of a cube edge and dmax and dmin are
the ellipsoid's diameters.

4. Experimental results

The Na2O � 2CaO � 3SiO2 (N2C3S) crystals
have a cubic morphology at all temperatures under
study. The Li2O � 2SiO2 (L2S) crystals, grown at
the development temperatures, are prolate ellip-
soids, with diameter ratio dmax=dmin � 1:4 to 1.6.
The crystals grown at the nucleation temperatures
Tn6 Tg have an extended form, which we approx-
imated as right-angled parallelepipeds with square
basis, having a ratio of height to side of the basis
b � 2h=2a � 2:60.

The kinetic curves N�Tn; t�, obtained for di�er-
ent development temperatures �Td1; Td2 > Td1� and
®xed Tn, are shown in (Figs. 1 and 2). Figs. 3 and 4
show the sizes of the largest crystals as a function
of heat-treatment time at the nucleation tempera-
tures.

Table 1

Chemical compositions of the glass samples in mol% by

analysis

Glass SiO2 Li2O Na2O CaO

L2S 67.1 32.9 ± ±

N2C3S 49.9 ± 17.1 33.0

Fig. 1. Number density of Li2O � 2SiO2 crystals developed at

Td1 � 530°C (1) and Td2 � 640°C (2) as a function of nucleation

time at Tn � 440°C.
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As expected, the kinetic curves obtained by the
development method shift in the direction of in-
creasing time when Td is increased (Figs. 1 and 2).
The shift is more pronounced in the case of L2S
glass. In the case of N2C3S glass, despite the fact
that the di�erence in N is within the experimental
errors, the N�Tn; r��Td1�; t� data are systematically
higher than the N�Tn; r��Td2�; t� data. The number
of crystals nucleated at Td1;N�Tn;t � 0� is negligible
compared to the di�erence between curves N�Tn;
r��Td1�; t� and N�Tn; r��Td2�; t�:

Figs. 5±7 show literature data that also dem-
onstrate a decrease of the number of developed
crystals with increasing Td. According to Eq. (5),
the shift of the N�t� plots is strongly a�ected by
U�Tn�, and varies proportionally to 1=U�Tn�. In-
deed, the dependence Dt0�Tn; r��Td1�; r��Td2�� on
1=U�Tn� at practically ®xed development temper-
atures (see Table 2) is close to the expected one
(Fig. 8). The inequality N�Td � 560°C� > N�Td

� 600°C� at Tn � 476°C was also reported in [22]

Fig. 2. Number density of Na2O � 2CaO � 3SiO2 crystals de-

veloped at Td1 � 650°C �1� and Td2 � 720°C �2� as a function

of nucleation time at Tn � 580°C.

Fig. 3. Sizes h and a of the largest Li2O � 2SiO2 crystals vs time

of heat treatment at Tn � 440°C.

Fig. 4. Size (the length of a cube edge) of the largest

Na2O � 2CaO � 3SiO2 crystals vs time of heat treatment at

Tn � 580°C.

Fig. 5. (a) Number density of Li2O � 2SiO2 crystals developed

at Td � 530°C �1�; 560°C �2�; 594°C �3� and 626°C �4� as a

function of nucleation time at Tn � 453°C. (b) Number density

of Li2O � 2SiO2 crystals nucleated at Tn � 453°C for 4.5 h vs

development temperature [7].
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for L2S glass. However, owing to the high nucle-
ation temperature and correspondingly high crys-
tal growth velocity U�Tn), the e�ect was very weak.

5. Determination of the surface energy: a ®rst

attempt

Eq. (8) is used here to estimate the critical nu-
cleus±liquid interfacial energy. However, this

equation has been derived under the assumption
that the clusters of the new phase are spherical. In
order to apply the theory to the interpretation of
the experimental data, we have to rede®ne the re-
spective quantities via the introduction of an ef-
fective cluster radius and e�ective surface energy
for the equivalent spherical nuclei. To solve this
task we assumed that the crystal shape is size in-
dependent. Hence the critical crystals of L2S are
parallelepiped shaped, with b � 2h=2a � 2:60: The
critical N2C3S crystals are cube shaped, with edge
2b. It can be shown that the critical sizes of a
parallelepiped and a cube are

h� � 2ra=DG; . . .

a� � 2rh=DG; . . . �parallelepiped�; �11a�

b� � 2rb=DG; �cube� �11b�
Here ra; rh; are the surface energy of the base and
side facets of the parallelepipeds, respectively, and
rb is the facet surface energy of a cube. Hence, the
work of formation of critical nuclei having paral-
lelepiped or cubic shape are, respectively:

W �
p � 32r2

hra=DG2; �12a�

W �
cu � 32r3

b=DG2: �12b�

We now introduce the e�ective surface energy
of spherical nuclei, rsph, using the conditions:

Fig. 7. Number of betol crystals nucleated at Tn � 10:7°C for

2 min vs development temperature [6].

Fig. 6. Number density of Li2O � 2SiO2 crystals developed at

Td1 � 530°C (1) and Td2 � 626°C (2) as a function of nucleation

time at Tn � 430°C [23].

Fig. 8. Dt0 vs 1=U�Tn� for Li2O � 2SiO2 crystals.
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W �
p � W �

sph �
16p

3

r3
sph

DG2
or W �

cu � W �
sph: �13�

The following equations can then be derived for
rsph from Eqs. (12a), (12b) and (13):

rsph � 6

p
r2

hra

� �1=3

or rsph � 6

p
r3

b

� �1=3

: �14�

Thus, the nucleation rate of the spherical nuclei
with rsph is close to those of nuclei having paral-
lelepiped or cubic shape, with surface energies rh

and ra or rb, respectively.
We used the experimental values of Dt0 and

U�Tn;1� and literature data for DG to estimate
the surface energy from Eq. (8). Table 2 presents
the results of these calculations for glasses L2S
�Tn � 440°C� and N2C3S �Tn � 580°C�, and also a
result using literature data for the glass L2S
�Tn � 453°C and 430°C�:

For the sake of comparison we collected dif-
ferent data on the surface energy of both liquid±
air, rl=g, and of liquid±crystal interfaces for glass
compositions close to those under study. Table 3
includes the experimental values of rl=g as well as
the values calculated by Appen's equation [27]. It
is obvious that the nucleus/liquid surface energy
cannot be larger than that of the liquid-gas inter-
face, however, according to Tables 2 and 3,
rsph > rl=g (hereinafter, for comparison purposes,
we will focus on rsph). It should be recalled that
rl=g relates to a planar interface while rsph relates
to a spherical nucleus. However, a consideration of
the size e�ect on the value of r could only
strengthen this inequality.

Table 3 also shows the crystal±liquid surface
energy calculated from nucleation data by di�erent
methods �r�; r��� as well as rT from Eq. (1). All
these values are much smaller than rsph of Table 2.
When rsph together with the thermodynamic
driving force DG (for bulk phase crystallization) is
used, the nucleation rate calculated by CNT is
vanishingly small. However, nucleation indeed
occurs and is experimentally observed. Con-
sequently, we have to search for some hidden
drawback in the estimation of rsph. In order to do
so, we have to make a brief excursion into the
thermodynamics underlying CNT.T
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6. A side-step into the thermodynamics of CNT

The determination of the work of critical cluster
formation employed in CNT is based on the
thermodynamic description of heterogeneous sys-
tems developed by Gibbs [8]. According to that
author, a real inhomogeneous system ± in our case
a crystalline cluster in its melt ± is replaced by an
idealized model system consisting of two homo-
geneous phases divided by a mathematical surface
of zero thickness (see Fig. 9). The thermodynamic
potential of the system is expressed then as the sum
of the bulk contributions of cluster and ambient
phase, and a correction term. The latter is essen-
tially (but not exclusively) given by the product
r � A, where A is the surface area.

The value of the correction term and, con-
sequently, the value of r, depends on the choice of
the reference states for the description of the bulk
properties in the idealized model system. Follow-
ing Gibbs, the properties of the respective macro-
phases are chosen as such reference states, which

may coexist in thermal equilibrium at planar in-
terfaces under the given thermodynamic condi-
tions. This choice of the reference state is quite
appropriate for large critical clusters, since it re-
¯ects, in this limit, the real physical situation. As a
consequence, r corresponds with good accuracy to
its value for a planar interface, i.e., the capillarity
approximation holds.

For small critical clusters, however, the prop-
erties of the macroscopic reference state may de-
viate signi®cantly from the actual bulk properties
of the cluster. Nevertheless, as shown by Gibbs,
one may retain the macroscopic properties as ref-
erence states for the thermodynamic description.
However, in order to arrive at the correct results
for the thermodynamic potential, in general, and
at the work of critical cluster formation, in par-
ticular, size dependent corrections for the value
of the surface tension have to be introduced
(e.g., [31]).

As shown recently for segregation processes for
both solid and liquid solutions [31,32], it is possi-
ble to generalize Gibbs' approach by choosing
reference states for the bulk properties of the
cluster that correspond to the real physical situa-
tion, independent of cluster size. The equation for
the work of critical cluster formation retains the
same form as in the standard of approach of
Gibbs. However, the values of r and DG for the
cluster, in general, di�er from those of the re-
spective macrophases. These alternatively de®ned
values of DG ± and not the value of DG according
to Gibbs' choice of the reference state are the real
driving force for critical cluster formation and

Table 3

Liquid±gas and liquid±crystal surface energies calculated from nucleation data

Glass composition

(mol%)

rl=g, calcul.

[27] (J=m2)

rl=g, exper.

(J=m2)

r� [15]

(J=m2)a

r�� (J=m2)b rT for

a � 0:45

(J=m2)

33.3 Li2O±66.7 SiO2 0.343 0.320 [28] 0.202 0:152±0:156; 450°C < T < 485° C

[15]

0.197

16. 91 Na2O 33.41 CaO

49.68 SiO2

0.363 ± 0.185 0:099±0:110; 580°C < T < 685°C

[30]

0.186

17. 9 Na2O 35.0 CaO

57. 1 SiO2

0.346 0.338 [29] ± ± ±

a r� calculated from the slope of ln �Ist � tind � DG2� vs 1=TDG2 plots, where tind is the induction time of nucleation on the assumption

that r� does not change with T.
b r�� calculated from ®t of nucleation rate to CNT, using the theoretical value of the pre-exponential term, thus allowing r� to vary with T.

Fig. 9. Schematic density pro®le of a crystalline cluster.
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further growth of the clusters. The growth of the
clusters is driven not by the value of DG between
two reference states, but by the respective di�er-
ences in the real physical states.

We thus come to the following conclusion: The
standard approach of Gibbs is correct for the de-
scription of thermodynamic properties of hetero-
geneous systems down to very small cluster sizes.
Deviations of the properties of the reference states
from the state of real system can be compensated
by appropriately introduced curvature corrections
to the surface tension. However, in order to model
the kinetics of cluster growth, one has to know the
value of DG for the real states of the cluster in the
ambient phase. These values of DG may be quite
di�erent from the respective quantities employed
in Gibbs' thermodynamic approach.

The di�erence between the values of DG for the
reference states, employed in Gibbs' thermody-
namic description, and the driving force of cluster
growth, which is determined by the real physical
state of the cluster, is the basic origin of the
problems in the determination of r discussed
above. These arguments will be employed in the
next section to resolve this discrepancy.

7. Determination of the surface energy: ®nal solu-

tion

Taking into account the analysis given in the
previous section, let us now consider in more detail
the possible reasons for the origin of the discrep-
ancy between the values of the surface energy, rsph,
calculated from dissolution e�ects and r�� calcu-
lated from the ®t of nucleation rate data. Re-
member that both methods refer to nuclei of near
critical sizes, thus only a reference to size e�ects
does not resolve the problem.

However, not only the surface energy but also
the thermodynamic driving force of the transfor-
mation may be size dependent. Whereas the
problem of the size dependence of the surface
tension has been the subject of intensive analysis,
e.g., [16,17,33], the situation with respect to DG
still remains obscure. As outlined in the previous
section, such analysis may not even be required if

one remains within the classical thermodynamic
approach of Gibbs.

Let us now estimate the driving force for two
models of critical cluster formation. First we
consider the situation that the critical cluster and
the newly evolving phase have the same composi-
tion as the melt. Using the classical approach, the
chemical potential per ambient phase particle in
the newly evolving phase (speci®ed by a) is

dla � ta dpa;

la�pa� � la�p� � ta�pa ÿ p�: �15�
If pa refers to the pressure in a cluster of critical

size, we obtain la�pa� � lb�p� (b speci®es the
parameters of the ambient melt)

pa ÿ p � 1

ta
�lb�p� ÿ la�p�� �

Dl
ta
� DG1: �16�

In these derivations, ta is considered as a constant
equal to the respective value in the evolving
macrophase.

It is reasonable to assume that the critical nu-
cleus is less ordered than the corresponding bulk
phase. Thus, proceeding in the same way as above,
ta must be replaced by a higher value htai corre-
sponding to some average of this quality in the
considered range of pressure. Thus, we get

pa ÿ p � Dl=htai � DG; DG < DG1: �17�
We thus may write

DG � K�r�DG1; K�r� < 1; �18�
where r is the size of the critical crystal.

Another reason that could lead to the reduction
of the thermodynamic driving force for cluster
growth consists in the following. According to a
recent model [34,35], glass-forming melts can be
considered as solutions of oxide components and
salt-like products. (Here we should emphasize that
the concentrations of any species of melt, in gen-
eral, are less than 1. Thus, the concept of stoi-
chiometric melt as the melt consisting only of
structural units of the melt composition looses
justi®cation.) Critical cluster formation should
then be considered as a segregation process in a
multi-component solution. As shown in detail for
a model system in [32], the driving force may be
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(and in general is) much smaller than the macro-
scopic value. This e�ect is due to deviations of the
composition of the critical cluster from the re-
spective values for the evolving macrophase.
Therefore, Eq. (18) is well founded. Further on we
will derive conclusions from this relationship.

8. Driving force and speci®c surface energy for

critical and near-critical cluster sizes.

The methods to calculate r based on the dis-
solution of sub-critical nuclei (the present method)
or on the ®t of nucleation data to CNT do not
provide the surface energy directly, but instead,
only its combinations with the thermodynamic
driving force. In particular, rsph is calculated from
measured Dt0 (see Eq. (5))

Dt0 � 2rsphf �1=DG�=U �19�
and r�� ± from the thermodynamic barrier for
nucleation

W � � r��
3

=DG2: �20�
It should be noted that in the latter case the e�ect
of the surface energy in the pre-exponential term
of the nucleation rate equation is neglected (this
e�ect is small).

The comparison between r�� and rsph allows us
to estimate the coe�cient K�r� in Eq. (18). Let us
denote the true value of surface energy corre-
sponding to the real state of the cluster by r (i.e.,
the value of the speci®c surface energy if Eq. (18) is
taken into account in its estimation). Then, em-
ploying Eqs. (19) and (20) and taking into account
that U � DG, one may write the following equa-
tions connecting r with rsph and r��

r � K�r�2rsph; �21�
r � K�r�2=3r��: �22�
The combination of Eqs. (21) and (22) yields

K � �r��=rsph�3=4
: �23�

Thus, both methods provide the same values of r
when the reduced thermodynamic driving force,
K�r�DG1, is used.

Using the data of Tables 2 and 3, we have
0:19 < K < 0:23 and K � 0:13, for L2S and
N2C3S glasses, respectively. A substitution of K
into Eq. (21) or (22) gives 50 < r < 60 mJ=m2 and
26 mJ=m2 for L2S and N2C3S glasses, respec-
tively. It should be emphasized that these values
are less than rl=g as we expected (see Table 3).

It is possible that the discussed reason for the
di�erence between rsph and r�� is not unique.
Nevertheless our estimation of K shows that DG
can di�er signi®cantly from DG1 and calls atten-
tion to the correct use of the thermodynamic
driving force for a proper treatment of crystal
nucleation kinetics in liquids. This conclusion is
consistent with a new approach to determination
of the work of critical cluster formation [32].
According to that approach, `both the structure
and composition of the critical clusters may devi-
ate signi®cantly from the respective properties of
the evolving macrophases'.

9. Conclusion

We provided new experimental evidence for the
dissolution of nuclei that are converted into sub-
critical sizes by a temperature increase. Based on
this phenomenon, we proposed a new method to
determine the nucleus/liquid surface energy and
applied it to two stoichiometric glasses.

The values of the nucleus/liquid surface energy
determined by this method, employing macro-
scopic values for the thermodynamic driving force
of crystallization, are much larger than those ob-
tained from a ®t of nucleation rate data to CNT. It
is shown that this discrepancy may be eliminated if
a reduction of thermodynamic driving force for
crystallization of near-critical size clusters is al-
lowed for. The possible reasons for such reduction
are discussed in detail.
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