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Abstract

This paper presents strong evidence for a continuous variation in glass and crystal compositions during crystalli-

zation, from the early stages of nucleation up to full transformation of a stoichiometric Na2O Æ 2CaO Æ 3SiO2 glass, as
well as of similar glasses that are depleted or enriched in sodium. During crystallization, the crystal compositions

approach those of the parent glasses, leading to the inference that the critical clusters were also sodium-enriched. The

existence of such mutant crystals is reported for the first time. The crystals� increase in sodium content diminishes the
thermodynamic barrier for nucleation owing to a decrease in the critical nucleus/liquid interfacial energy. This con-

clusion is evident also from an analysis of the nucleation rate as a function of the glass composition. Our conclusions

are based on the analysis of a plethora of data: overall crystallization kinetics, crystal growth velocity, changes in the

crystal�s lattice parameters, variation of the reversible polymorphic transition temperature with the degree of crystal-
linity and, finally, quantitative measurements of glass and crystal composition by EDS. The deviation of the nucleus

composition from the expected stoichiometry may significantly impact the analysis of nucleation theories.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

When any vitreous material is heated for a long

enough time above the glass transition tempera-

ture, Tg, crystallization readily starts from surface
or internal nuclei. Nucleation is thus a key step for

both controlled and spontaneous crystallization
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(devitrification). However, relevant experimental

tests of the classic nucleation theory (CNT) have

demonstrated its failure to quantitatively describe

nucleation rates. If one assumes a constant nu-

cleus/liquid surface energy and uses either the

viscosity or the induction time to account for the

molecular rearrangements at the nucleus/matrix
interface, drastic discrepancies result between

theoretical and experimental nucleation rate val-

ues, regardless of the expression used to estimate

the driving force.

Some possible explanations so far advanced for

the CNT failure are: (i) metastable phase pre-

cipitation in the early stages of nucleation; (ii) a
ed.
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possible dependence of the surface energy on
temperature and nucleus size and (iii) elastic strain

effects due to the difference of specific volumes of

crystal and glass [1–12]. In this paper we will focus

on a new possibility, i.e. on the nature of the first

phase to nucleate – precipitation of a solid solution

of varying composition.

In order to apply any nucleation theory to the

analysis of experimental nucleation rates in un-
dercooled liquids, one must first identify what

phase crystallizes out. Owing to small size of the

critical nuclei, this is not a trivial problem. The

existing methods to estimate nucleation rates are

indirect and, typically, micrometric crystals can

only be detected and counted after the nuclei have

grown from their original critical size of a few

nanometers.
To test nucleation and crystal growth theories,

stoichiometric glasses are often used as model

systems. In doing so, it is assumed that the

evolving macrocrystals and the critical nucleus

belong to the same crystallographic phase and

have the same composition as the parent glass. In

this approximation, stoichiometric glasses are

considered �single-component� systems. However,
according to Ostwald�s rule of stages ‘‘. . .in the
course of transformation of an unstable (or

metastable) state into a stable one, the system does

not go directly to the most stable conformation –

corresponding to the modification with the lowest

free energy – but prefers to reach intermediate

stages (corresponding to other possible metastable

modifications) having the closest free energy dif-
ference to the initial state’’ [1].

Solid arguments were recently put forward in

favor of the nucleation of a metastable phase as a

primary phase in lithium disilicate glass [2]. That

study stimulated the search for metastable phases

by direct methods [3–6], confirming their precipi-

tation in the early stages of crystallization. It

should be stressed that lithium disilicate glass has
served as a model to study homogeneous nucle-

ation for several years [7–10] because this is one of

the few stoichiometric silicate glasses showing

volume nucleation without the use of surfactants

or crystallization cores.

Stoichiometric Na2O Æ 2CaO Æ 3SiO2 glass also
belongs to this family of glass-forming melts that
show internal nucleation [13–15]. We have previ-
ously demonstrated that crystals grown in this

stoichiometric glass at high temperatures dramat-

ically hinder the formation of new crystals at low

temperatures in their vicinity [16]. This effect was

dubbed the �courtyard� phenomenon. Addition-
ally, we observed a decrease in the crystal growth

velocity with increasing heat treatment time or

increasing crystallinity. The first EDS measure-
ments indicated that the above-mentioned facts

are caused by a difference in composition between

glass and evolving solid solution crystals [16,17].

The formation of solid solutions is consistent with

the phase diagram of a pseudo binary section

CaO Æ SiO2–Na2O Æ SiO2 [18].
This paper presents strong new evidence for a

continuous variation in glass and crystal compo-
sitions during crystallization, from the early stages

of nucleation up to full transformation of a stoi-

chiometric glass Na2O Æ 2CaO Æ 3SiO2 glass, as well
as of similar glasses that are depleted or enriched

in Na. Our conclusions are based on the analysis

of a plethora of data: overall crystallization

kinetics, crystal growth velocity, changes in the

crystal�s lattice parameters, variation of the re-
versible polymorphic transition temperature with

the degree of crystallinity and, finally, quantitative

measurements of glass and crystal composition by

EDS. To visualize areas of glass with modified

compositions, we used special double-stage heat

treatments.
2. Materials and methods

The same glasses used in [15,16] were em-

ployed in this study. The glass compositions,

which are shown in Table 1 and in the compo-

sition triangle, Fig. 1, are close to the line of

constant CaO/SiO2¼ 2/3 ratio. The composition
of glass N4 is the closest to the stoichiometric
one, which is denoted by an open star. The de-

gree of crystallinity was measured with both

optical microscopy (Neophot) and X-ray analy-

sis (DRON-2). The unit-cell parameters of the

solid solution crystals were calculated from the

X-ray diffraction spectra of fully and partially



Table 1

Glass compositions by analysis (mol%)

Glass Na2O CaO SiO2

N1 15 34.1 50.9

N2 15.5 33.8 50.7

N3 16.4 33.3 50.3

N4 17 33.2 49.8

N5 18.6 32.5 48.9

NC2S3
a 16.67 33.33 50.00

aNominal stoichiometric composition: Na2O Æ 2CaO Æ 3SiO2.
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Fig. 1. Positions of glasses on the composition triangle. Black

circles indicate the positions of glasses N1–N5. Open star refers

to the stoichiometric composition Na2O Æ 2CaO Æ 3SiO2 (NC2S3).
Black star refers to the initial composition of the crystal nuclei

in glass N4. Opened circles show the compositional variation of

the glass matrix during crystallization of glass N4. Dot line

corresponds to constant concentrations ratio CaO/SiO2¼ 2/3.
Dash line is the pseudo-binary cut Na2O Æ SiO2–CaO Æ SiO2.
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crystallized glasses. Germanium was used as an

internal standard.

Well below the glass transition temperature,

solid solution crystals undergo a reversible poly-

morphic transition at a temperature Tpm, which is
very sensitive to their compositional changes. This
reversible polymorphic transition is accompanied

by a heat effect and a change in the volume of the

unit-cell [19,20]. DSC runs and dilatometry were

used to estimate Tpm.
The crystal and glass compositions were esti-

mated by energy dispersive spectroscopy (EDS),
using glass and crystal samples with known com-
positions as references.

3. Results

3.1. Overall crystallization kinetics

Figs. 2–4 present the variations of the volume
fraction crystallized (a, b) and the sizes of the

largest crystals (c, d) with increasing heat treat-

ment time at 590 �C (Fig. 2), 650 �C (Fig. 3) and
720 �C (Fig. 4) for glass N4 (composition very
close to stoichiometry). Similar plots for glasses

depleted (N1) and enriched (N5) in Na are given in

Figs. 5 and 6, respectively. The heat treatment

temperatures are indicated by arrows in Fig. 7 to
demonstrate their position relative to that of the

nucleation rate maximum. The crystals in glass N1

have an almost spherical morphology, but are

cube-shaped in glasses N4 and N5.

3.2. Variations of crystal cell parameters and

temperature of reversible polymorphic transition

Fig. 8 shows parameter a of the hexagonal cell
of the solid solution crystals as a function of Na2O

content, CNa2O, for fully crystallized glasses (a) and
the volume fraction of crystals, a, for partially
crystallized glasses (b–f).

The values of Tpm as a function of CNa2O (for
fully crystallized glasses) and of a (for partially
crystallized glass N4) are given in Figs. 9 and 10,
respectively.

3.3. Evolution of crystal and glass composition

during crystallization

Measurements of Na, Ca, Si and O content

were performed by EDS for samples of glass N4

subjected to heat treatments at T ¼ 650 and 720
�C marked in Fig. 7. Figs. 11 and 12 present these
data versus a. For the heat treatment at T ¼ 650
�C (producing a crystal size distribution owing to
simultaneous nucleation and growth), only the

glass composition was measured while, in the case

of the heat treatment at T ¼ 720 �C (growth of a
constant number of �athermic� crystals), the crystal
composition was measured.
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Fig. 2. Volume fraction of crystals (a, b), size of the largest crystals (c, d), and number of crystals (c0) as functions of the heat treatment

time at T ¼ 590 �C for glass N4. Open circles – X-ray analysis; closed circles – optical microscopy. Solid lines are linear fit.
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3.4. The ‘courtyard’ phenomenon

Fig. 15 presents scanning electron microscopy

(SEM) micrographs of glass samples (N1, N4 and

N5) subjected to single-stage heat treatments at a

temperature Tn�g (a, c, e), and to double-stage heat
treatments (b, d, f): first at a temperature Tgr
(Tgr > Tn�g), corresponding to a sufficiently high

crystal growth rate, and then at the same temper-

ature Tn�g for the same time as the samples in Fig.

15(a, c, e).
4. Discussion

Analyses of overall crystallization kinetics are

often based on the Johnson–Mehl–Avrami–Kol-

mogorov (JMAK) equation [21]
aðtÞ ¼ 1� exp
(

� cg

Z t

0

Iðt0Þ
Z t

t0
Uðt00Þdt00

� �d
dt0

)
;

ð1Þ

where a is the volume fraction transformed (crys-
tallized), cg is a shape factor, d is the dimensio-
nality of growth, and I and U are the nucleation
and growth rates. If I and U are constant, Eq. (1)
can be written as

aðtÞ ¼ 1� exp
�
� cgIU 3t4

4

�
: ð2Þ

If, in the course of phase transformation, the

number of new phase particles (crystals) does not
vary and is equal to N0 the volume fraction aðtÞ is
given by Eq. (3):

aðtÞ ¼ 1� exp
�
� cgN0U 3t3

	
: ð3Þ
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Fig. 3. Volume fraction of crystals (a, b), size of the largest crystals (c, d), and number of crystals (c0) as functions of the heat treatment

time at T ¼ 650 �C for glass N4. Solid lines are linear fit.
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Eqs. (2) and (3) assume three-dimensional growth
ðd ¼ 3Þ.
Avrami proposed the use of the following gen-

eral relationship:

aðtÞ ¼ 1� expf�Ktng; ð4Þ

where n, the so-called Avrami coefficient, can have
different values depending on the mechanism of
nucleation and growth. The coefficient n can be
estimated from the slope of the ln½� lnð1� aðtÞÞ	
versus lnðtÞ plot.
Eq. (4) is valid in most cases of constant growth

rate, and is approximately valid for the early stages

of diffusion-controlled growth [22]. We therefore

use this equation for a preliminary view of the

transformation course. For three-dimensional
growth, the Avrami coefficient can be written as

n ¼ j þ 3m; ð5Þ
where j and m are taken from the formulas N � tj

and R � tm describing the variation of the crystal
number ðNÞ and size ðRÞ over time. Using the values
n andm from the experimental dependences aðtÞ and
RðtÞ, one can calculate the value of j, thereby ob-
taining information about the nucleation process.

Figs. 2–6 present the overall crystallization

and the growth kinetics. At every heat treatment

temperature, the crystal growth rate in the glass
of stoichiometric composition (N4), as well as in

the glasses with shifted compositions (N1, N5),

deviates considerably from a linear law (see

Figs. 2–6(c, d)), evidencing the fact that crystal

growth is controlled mainly by volume diffusion,

and hence, that the crystal compositions are

dissimilar to that of glass. It should be stressed

that, in the present case, the crystals are solid
solutions [20]. We will show later that their

composition changes during growth, approach-
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Fig. 4. Volume fraction of crystals (a, b) and size of the largest crystals (c, d) as functions of heat treatment time at T ¼ 720 �C for
glass N4. Open circles – X-ray analysis; closed circles – optical microscopy. Solid lines are linear fit.
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ing the parent glass composition with increasing

crystallized volume fraction. This fact partially
explains the deviation of the coefficient m from

0.5 (see Table 2), which is typical for the dif-

fusion-controlled growth [21] of a crystal of

constant composition. Together with the coeffi-

cient m, which characterizes the growth kinetics,
Table 2 shows the Avrami coefficients obtained

from the ln½� lnð1� aðtÞÞ	 versus lnðtÞ plots of
Figs. 2–6.
The analysis of the overall crystallization ki-

netics indicated a time and temperature-related

change in the crystallization mechanism. Fig. 2

and Table 2 show that, beginning at t � 1000 min,
the increase of the crystallized volume fraction in

glass N4 (�stoichiometric� composition) at T ¼ 590
�C can be explained only by crystal growth

ðn ¼ 3mÞ from a pre-determined number of nuclei.
Hence, at the time of the first measurements of

a (t � 1000 min), the number of crystals was
already constant. Let us recall that T ¼ 590 �C
is very close to the temperature of the nucle-

ation rate maximum (see Fig. 7). At T ¼ 650
�C, nucleation takes place up to t � 150 min:
n � 1þ 3m. Thus, at t > 150 min, as with T ¼ 590
�C, the development of crystallinity, aðtÞ, can be
explained only by crystal growth: n � 3m (see Fig.
3 and Table 2). A similar termination of nucle-
ation follows from the overall crystallization ki-

netics of glass N5 at T ¼ 647 �C (Fig. 6). The NðtÞ
plots (Figs. 2(c0), 3(c0) and 6(c0)) show the increase

in the number of crystals over relatively short

times. It should be noted that, in all the cases

listed above, the crystallized volume does not

exceed 20% at the moment when nucleation cea-

ses.
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At T ¼ 720 �C (glass N4) and T ¼ 700 �C
(glass N1), which are far from the nucleation rate

maximum (see Fig. 7), the overall crystallization

is governed only by crystal growth, as we ex-

pected.

Measurements of the crystal cell parameters

give indirect evidence of the change in crystal and,

correspondingly, glass compositions during crys-

tallization. Fig. 8(a) shows the increase in the a
parameter of the hexagonal crystal cell with in-

creasing sodium content in the parent glass. These

measurements refer to fully crystallized glasses. In

this case, the crystal composition is clearly equal to

that of the parent glass. The decrease in the a
parameter is observed with increasing crystallized

volume fraction a for both �stoichiometric� glass
N4 and glasses N1 and N5 (Fig. 8(b–f)), leading us
to assume that, at the beginning of the phase
transformation, the solid solution crystals contain
more sodium than the fully crystallized glass.

The strong variation of the reversible poly-

morphic transition temperature, Tpm, also indicates
a change in the crystal composition. According to

Fig. 9, the smaller the sodium content in the

crystals (fully crystallized glasses), the greater the

Tpm. Hence, we may attribute the increase in Tpm
with increasing a in the partly crystallized glass N4
(Fig. 10) to the decrease in the crystals� sodium
oxide content.

The above-described experimental facts were

explained by a variation of the compositions of

both solid solution crystals and glass in the course

of phase transformation. Indeed, direct measure-

ments by EDS confirmed this assumption. Ac-

cording to Fig. 11, the sodium content in the glass
matrix decreases and the calcium content increases
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with increasing volume fraction of crystals, a,
while the contents of silicon and oxygen are con-

stant, within the margins of experimental error.

Dotted lines 1 and 2 show the variation of Na and

Ca content in the crystals, calculated from the

parent glass composition and the glass composi-

tion corresponding to different a. Beginning from
the early stage of phase transformation, the crys-

tals are enriched with Na in relation to the parent
glass and, correspondingly, to the stoichiometric

composition. So, as phase transformation pro-

ceeds, the crystal composition approaches that of

the parent glass. The linear fit of the experimental

data for Ca and Na leads us to conclude that,

within experimental error, the variation in the

crystal composition is accounted for by the re-

placement of Ca by 2Na. This corresponds to solid
solution series between Na2O Æ 2CaO Æ 3SiO2 and
Na2O ÆCaO Æ 2SiO2 with the chemical formula
Na4þ2xCa4�x[Si6O18] ð06 x6 1Þ [19].
The initial composition of crystals (nuclei with

sizes close to the critical one) is indicated with a

black star in Fig. 1. This composition corresponds

to x � 0:7. Open circles show the compositional
variation of the glass matrix during crystallization.

As we expected, the experimental points are very

close to line Na2O Æ SiO2–CaO ÆSiO2. According to
[15], the nucleation rate in glasses with composi-

tions close to Na2O Æ 2CaO Æ 3SiO2 is very sensitive
to changes in Na2O content. Fig. 14 shows the

nucleation rate in glasses N1–N5 (see Table 1) at

T ¼ 590 and 650 �C as a function of the sodium
content in the original glasses, CNa. Hence, the
compositional variation of the glass matrix during

crystal growth must affect the nucleation kinetics.
Indeed, from the analysis of overall crystallization
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(Figs. 2 and 3) presented above, nucleation in glass

N4 at T ¼ 590 and 650 �C terminates at approxi-

mately a � 0:2. This crystallized volume fraction
value corresponds approximately to CNa (in the
glass matrix) �11.5–12 at.% (Figs. 11 and 13).

Such a decrease in CNa (for parent glass N4
CNa ¼ 12:74 at.%) may suffice to explain the strong
drop in the nucleation rate. Although the nucle-
ation rate data (Fig. 14) refer to the glasses of

compositions unlike that of the changed by crystal

growth (see Fig. 1), the IðCNaÞ plot can be used for
a tentative estimation of the nucleation rate

change. Thus, according to Fig. 14, the decrease in

CNa from 12.7% to 11.5–12 at.% is accompanied by
a fivefold to tenfold decrease of the nucleation

rate. The distinction between the crystal and glass
compositions also leads to a decrease of the crystal

growth rate with increasing time (see Figs. 2–6).

However, the problem of crystal growth rate

variations calls for further investigations.

Figs. 12 and 13 show the compositional varia-

tion of crystal and glass due to crystallization at

T ¼ 720 �C. In general, these variations are anal-
ogous to the one at T ¼ 650 �C. However, at
T ¼ 650 �C, the CNaðaÞ plots are approximately
linear up to full crystallization for both crystal and

glass (Fig. 11) while, at T ¼ 720 �C up to a � 0:8,
CNa in crystals decreases more slowly than at 650
�C, indicating the occurrence of a rapid drop in
CNa (Fig. 12). It seems that the difference between
650 and 720 �C is caused mainly by the difference
in the average distance, L, between crystals. At
T ¼ 720 �C, the number of crystals, N � 5000
mm�3, remains unchanged and corresponds to

L � 60 lm while, at T ¼ 650 �C, the number of
crystals, for t � 200 min, reaches the maximal
value of N P 2 106 mm�3, corresponding to

L6 8 lm. Thus, one can expect that the interfer-
ence (soft impingement of diffusion fields) of the

growing crystals, which results from the competi-

tion for the available sodium, is fiercer at T ¼ 650
�C than at T ¼ 720 �C.
The diffusion fields existing around the growing

crystals become visible with a second heat treat-

ment at the temperature Tn�g, corresponding to

reasonable values of nucleation and growth rates.
A comparison of the samples subjected to single-

stage (Fig. 15(a, c, e)) and double-stage (Fig. 15(b,

d, f)) heat treatment reveals that the pre-existing

crystals (formed in first heat treatment) strongly

reduce the number and size of the crystals nucle-

ated in the following treatment at Tn. In the case
of glass N5, no new crystals were formed. Con-

sidering the evidence presented above – decreasing
sodium content in the glass during phase trans-

formation – it becomes apparent that the areas

observed around the large crystals are diffusion

fields.

Thus, in the initial stage of phase transforma-

tion in both �stoichiometric� and non-stoichiomet-
ric glasses, the compositions of the crystals deviate

considerably from those of the parent glasses.
From the outset of phase transformation (a � 0),
the sodium content in the crystals exceeds that in

the �stoichiometric� parent glass (N4) by 3–4 at.%,
comprising 25–30% of the sodium content in the

parent glass! It would therefore appear reasonable

that such a difference already exists for critical

nuclei in the nucleation stage. However, the de-

viation of the crystal composition from stoi-
chiometry must diminish the driving force for

crystallization. Hence, we must explain why crys-

tals of non-stoichiometric composition nucleate in

a stoichiometric glass. It should be noted that the

deviation of the crystal composition from that of

the fully crystallized glass also takes place in non-

stoichiometric glasses (N1, N5).
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Fig. 8. Parameter a of the hexagonal crystal cell versus sodium oxide content (a) and volume fraction crystallized (b–f).
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According to the CNT, the steady-state homo-

geneous nucleation rate can be written as

I ¼ A exp


� W � þ DGD

kT

�
; ð6Þ

where W � and DGD are the thermodynamic and
kinetic barriers for nucleation.

The kinetic barrier is often replaced by the ac-

tivation free energy for viscous flow DGg. In this

approximation, DGD does not depend on the type
of crystal. Hence, the nucleation rates of the dif-
ferent thermodynamically possible phases in the

same undercooled liquid depend mainly on the

thermodynamic barrier. The highest nucleation

rate corresponds to the phase having the lowest

thermodynamic barrier. However, the thermody-

namic barrier includes two main parameters: the

crystal/melt surface energy, r, per unit area of
crystal, and the thermodynamic driving force per

unit volume of crystal, DGV ,

W � ¼ 16p
3

r3

DG2V
: ð7Þ
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Thus, it is obvious that a decrease in DGV can

be compensated for by a decrease in surface en-

ergy. It seems that this is the case here. According

to analyses of nucleation rates and time lags in

glasses N1–N5 performed in [15], within the

framework of the CNT, the thermodynamic bar-

rier for nucleation diminishes with increasing

sodium content in the glass. If the change of
thermodynamic driving force with glass compo-

sition is estimated from the variation of liqui-

dus temperature, neglecting the melting entropy
change [15], this decrease can be attributed to a
decrease of the crystal/melt surface energy.

Here one may draw an analogy to the surface

energy on the melt/gas interface. According to

Appen [23], replacing calcium oxide by sodium

oxide leads to a decrease of the melt/air surface

energy of multi-component silicate melts. Thus, we

suggest that, due to the decrease in the crystal/melt



Table 2

JMAK equation parameters

Glass T (�C) n m Comments

N4 590 2.4± 0.3 0.8± 0.1 Growth of a constant number of crystals: n � 3m
1.0± 0.1 0.4± 0.1 Growth of a constant number of crystals: n � 3m

650 4.1± 0.3 1.0± 0.0 Nucleation and growth at constant rates: n � 1þ 3m
1.1± 0.1 0.3± 0.1 Growth of a constant number of crystals: n � 3m

720 1.5± 0.1 0.56± 0.04 Growth of a constant number of crystals: n � 3m

N1 700 2.2± 0.1 0.69± 0.01 Growth of a constant number of crystals: n � 3m

N5 647 3.8± 0.4 0.90± 0.06 Nucleation and growth at constant rates: n � 1þ 3m
1.5± 0.1 0.52± 0.04 Growth of a constant number of crystals: n � 3m
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crystallized at 720 �C (calculated from the data of Fig. 12) and
650 �C (linear fit of direct measurements presented in Fig. 11).
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surface energy, sodium-rich solid solution crystals
have a lower thermodynamic barrier (higher nu-

cleation rate) than stoichiometric crystals.

The proposed explanation is consistent with

Ostwald�s generalized rule of stages [24], according
to which ‘‘In phase transformation processes, the

structure and properties of the critical nucleus may

differ qualitatively from the properties both of the

ambient and of the newly evolving macrophases.
Those classes of critical clusters determine the

process of the transformation, which correspond to

a minimum of the work of critical cluster formation

(as compared with all other possible alternative

structures and compositions, which may be formed

at the given thermodynamic constraints)’’.

The growth of sodium-enriched crystals is

problematic owing to the depletion of sodium in
the glass matrix. When the diffusion zones sur-

rounding the crystals impinge, the solid solution

crystals are forced to change their composition,

approaching the glass composition. In the final

stages of phase transformation, the average com-

position of crystals equals that of the parent glass.

Let us recall that the CNT fails to quantitatively

describe nucleation rates in glasses. If one assumes
a constant nucleus/liquid surface energy, drastic

discrepancies result between theoretical and ex-

perimental nucleation rates [25]. Since the forma-

tion of solid solution is typical for silicate systems,

it is important to keep in mind that the composi-

tion of the critical nuclei and, correspondingly,

their thermodynamic driving force and surface

energy may differ considerably from those of the
final macrophase. According to the data presented

here, even stoichiometric crystals can form



Fig. 15. SEMmicrographs of glasses N1, N4 and N5 subjected to single (a, c, e) and double stage (b, d, f) heat treatments. Single stage:

Tn�g, tn�g; double stage: Tgr, tgr þ Tn�g � tn�g; Tn�g ¼ 590 �C; tn�g ¼ 1340 min (a), 1560 min (c), 2140 min (e). Tgr ¼ 700 �C (b), 720 �C (d,
f); tgr ¼ 40 min (b), 10 min (d), 20 min (f). Bar denotes 50 lm.
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through the nucleation of solid solutions. Thus,

the deviation of the nuclei composition from the

expected one may have a significant impact on

analyses of nucleation theories.

A formal analysis using CNT shows that if a

diminished driving force is allowed for, the dis-
crepancy between theoretical predictions and ex-

perimental nucleation data is reduced [26]. The

decrease in driving force may be caused by elastic

strain, metastable phase formation, or continuous

changes in nuclei composition (shown in this

paper). Hence, it is possible that the use of the
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proper thermodynamic driving force for non-stoi-
chiometric critical nucleus formation (instead of

the classical assumption of stoichiometric nucleus

formation, which is equal to the final macrophase)

may partly explain the CNT�s failure. It is thus
necessary to generalize (or not) the present find-

ings with other compositions.
5. Conclusions

In the early stages of crystallization, the com-

position of sodium-rich solid solution crystals and,

inferentially, of critical nuclei, deviates consid-

erable from that of the parent glass in both

stoichiometric (Na2O Æ 2CaO Æ 3SiO2) and slightly
non-stoichiometric glasses, but gradually ap-
proaches it as crystallization proceeds. The existence

of such mutant crystals is reported for the first time.

The thermodynamic barrier for nucleation de-

creases with increased sodium content in the crys-

tals likely owing to a decrease in nucleus/liquid

interfacial energy. This is the kinetic reason for the

nucleation of sodium-rich crystals. These crystals

are surrounded by sodium-depleted diffusion fields,
which can be visualized by performing a second

heat treatment at a lower temperature corre-

sponding to reasonable nucleation and growth rate

values. The change in the glass composition during

crystallization causes the termination of nucleation

and a decrease in the crystal growth rate.

The deviation of the nucleus composition from

the expected stoichiometry may have a significant
impact on the analysis of nucleation theories.
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