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The paper presents the results of the study of aluminosilicate glass that contains 0.77 wt%
of F− anions. The results show that the critical size of glass particles at which the surface
mechanism of crystallization changes to volume crystallization is in the vicinity of
0.075 mm in this glass. The temperature of the maximum nucleation rate was determined
to be Tn= 680◦C, and it is higher than the transformation temperature Tg. At crystallization
temperatures up to Tc= 950◦C, the crystal phase of leucite is formed, alone. Above this
temperature, besides the main phase of leucite, two other phases, diopside and phlogopite
appear. The activation energy of crystallization Ea= 319± 23 kJ/mol was determined. The
results also show that the activation energy does not depend on the crystallization
mechanism in this glass. The value of the Avrami parameters is n= 1.45. Microstructural
studies confirmed the fact that volume crystallization of leucite takes place in this glass. The
leucite crystals grow in form of equiaxial dendrites with pronounced anisotropy along the
direction 〈001〉. Kinetical and microstructural studies show that the process of leucite
crystal growth occurs at the smooth atomic scale-faceted crystal/glass interfaces and that it
is controlled by volume diffusion. During the isothermal heat treatment the structure of
dendrites changes. C© 2000 Kluwer Academic Publishers

1. Introduction
The dominant process that determines the microstruc-
ture of glass-ceramics is nucleation [1]. Therefore,
the conditions under which the process of nucleation
is evolved are the most important for designing the
glass-ceramics microstructure. The changes of the melt
temperature and the energetic barrier to crystal nucle-
ation have a strong influence on nucleation rate due
to the exponential relation that exists between these
parameters. The value of nucleation barrier is altered
with the change of level of undercooling and the ad-
dition of suitable agents. Previous studies have shown
that an efficient way for obtaining high quality glass-
ceramics is the addition of selected nucleating agents
[2], the role of which is very complex [3, 4]. Their in-
fluence is mostly attributed to the effect of cations or
anions inserted in the system. Presence of nucleating
agents in the glass system significantly changes the in-
tensity of bonds in the glass structure as well other
properties. Moreover, two nucleation mechanisms, i.e.
surface and volume crystallization, often act concur-
rently, which makes the glass crystallization a very
complex process. As a result of using nucleating agent,

the change of the glass crystallization mechanism from
surface to volume crystallization takes place. Due to
these reasons the choice of the kind and quantity
of nucleator is not simple and it requires a detailed
study.

Leucite (KAISi2O6) is a framework pseudotetrag-
onal aluminosilicate. Its structure consists of corner-
linked (Al,Si)O4 tetrahedra filled with K+ cations [5].
It exhibits an interesting reversible phase transition in
the temperature range 620–690◦C [6]. At room temper-
ature the leucite has a tetragonal symmetry and at high
temperatures the structure becomes cubic. Its presence
facilitates good mechanical, electrical and other proper-
ties suitable for various applications. Due to that, kinet-
ics and mechanism of its crystallization are the subject
of constant interest. The phase formation of leucite in
the ternary SiO2-Al2O3-K2O system is very complex
[2, 7]. The majority of glasses from the SiO2-Al2O3-
K2O system crystallize by surface mechanism. Addi-
tion of nucleating agents such as TiO2 or CeO2 to these
glasses causes change of their crystallization mecha-
nism from surface to volume crystallization. Although
it is difficult to establish the exact effect of these agents
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on leucite nucleation, it is certain that TiO2 and CeO2
must be contained in the base glass [8].

The sample chosen for this study is a glass from
the complex system SiO2-Al2O3-CaO-MgO-K2O with
initial composition: 50,5SiO2·18,5Al2O3·10,5CaO·
10,5MgO·10K2O (wt%). This composition was doped
by CaF2 in such quantity which makes the content of
anion F

−
in the glass to be 1 wt%. Fluorides as nucle-

ation agents support phase separation, which indirectly
affects the creation of nuclei [9]. For the additional
quantity of CaF2 the amount of CaO was reduced, so
that the content of ions Ca2+ remained unchanged. The
nucleation and crystallization study was performed at
isothermal and non-isothermal conditions.

2. Experimental
Initial materials for obtaining the glass were quartz,
Al2O3, MgO, CaO; CaF2 and K2CO3, analytical grade.
Preparation of the glass was performed in an electrical
furnace in Pt crucible atT = 1500◦C for t = 60 min.
The molten glass was cast on a metal plate and quenched
in air. The obtained glass samples were transparent and
without residual glass bubbles.

DTA investigations were carried out in a Netzch STA
409 EP device. Powdered Al2O3 was used as the ref-
erence material. For establishing the dominant crys-
tallization mechanism the following powder samples
were prepared with granulation:<0.038; 0.038–0.050;
0.050–0.1; 0.1–0.2; 0.2–0.3; 0.3–0.4; 0.4–0.5; 0.5–0.7
and 0.8–1 mm. The rate of heating wasv= 10◦C/min,
and the quantity of the studied sample was 100 mg.

The study of nucleation was carried out using pow-
der samples with 0.5–0.7 mm granulation. The sam-
ples were heated atv= 10◦C/min rate up to the follow-
ing temperatures: 600, 650, 660, 680, 685, 690, 700
and 710◦C, at which temperatures they were kept for
t = 180 min and then further heated toT = 1100◦C at
the same heating rate.

Establishment of kinetic parameters of crystalliza-
tion was carried out on the samples with the following
granulation:<0.038 mm and 0.5–0.7 mm at the follow-
ing heating rates: 2.5; 5; 7; 10; 15 and 20◦C/min.

The second group of experiments was performed
on compact glass samples. The experiments were per-
formed in electric furnace with an automatic regulator
that maintained the temperature with an accuracy of
±2◦C. These samples were treated isothermally in two
steps atTn= 680◦C for t = 180 and 1200 min and then
heated at the heating rate ofv= 2◦C/min to Tc= 900;
950 and 1000◦C at which they were kept for different
timest = 15; 30; 60 and 180 min.

Dilatometric measurements were performed on sam-
ples with dimensions: diameter 3 mm, length 40 mm
at the heating rate ofv= 10◦C/min in the temperature
rangeT = 20–900◦C. Prior to measurement the sample
was heated atT = 700◦C for t = 20 min.

The phase composition of the samples investigated
was determined by using the X-ray powder diffraction
(XRD) method. The powder patterns were obtained
on a Philips, PW-1710 automated diffractometer, us-
ing a Cu tube operated at 40 kV and 35 mA. The in-

strument was equipped with diffracted beam curved
graphite monochromator and Xe-filled proportional
counter. Diffraction data were collected in the range 2θ ,
4–70◦, and 4–120◦, counting for 0.25 and 10 seconds at
0.02 steps, respectively. A fixed 1◦ divergence and 0.1
receiving slits were used. The powders were mounted
in a back-loaded sample holder using side-loading tech-
nique to avoid preference orientation of crystallites. The
conditions for the scan were room temperature and
ambient atmosphere. Powdered Si-standard reference
material was used to correct the inter planar spacing
for systematic errors. All reflections were profile fit-
ted using a Pearson-VII function to obtain the accu-
rate peak top locations. The quantitative portions of
crystalline phase in the glass-ceramic were determined
by full profile matching mode of Rietveld [10] refine-
ment technique, by using the program Fullprof [11].
The published structural data for the determined min-
erals were used as starting parameters for the initial
refinement.

Investigations of the crystal morphology were car-
ried out using scanning electron microscopy SEM JSM
840 A Jeol. The samples were gold sputtered in a Jeol
JFC 1100 ion sputter.

3. Results and discussion
3.1. The chemical composition of glass
The results of the chemical analysis indicate the
following chemical composition of the obtained
glass: 50.29SiO2·18.85Al2O3·9.06CaO·1.59CaF2·9.94
MgO·0.11Na2O·9.46K2O (wt%). This glass contains
0.77 wt% of F

−
anions. It is easily observable that

the composition of the glass does not correspond with
the stoichiometric composition of leucite. It contains
78.6 wt% of components necessary for the constitution
of leucite.

3.2. Determination of dominant
mechanisms of crystallization

Determination of the dominant crystallization mecha-
nism (surface or volume) by which this glass is being
crystallized was carried out according to the method
suggested by C. S. Rayet al. [12]. According to this
method, on the basis of DTA measurements either (δT)p

or T2
p /(1T)p is plotted as a function of particle size,

where (δT)p is the maximum height of the DTA peak,
Tp is the temperature at (δT)p and (1T)p is the width
at the half peak maximum. As (δT)p is proportional to
the total number of nuclei (volume and surface nuclei)
contained in the glass [13] andT2

p /(1T)p is related to
the crystal growth dimension [14], both of these values
depend on the specific mechanism of crystallization.

For resolving of the dominant mechanism of crys-
tallization, DTA curves were recorded at heating rate
v= 10◦C/min on the samples with granulation of
<0.038 to 1 mm. The recorded DTA curves show
the exothermal peak at a temperature in the range
Tp= 901,4–962,8◦C. Fig. 1 presents the DTA curves
recorded on the samples with the smallest and the
biggest granulation. The sample with the smallest
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Figure 1 DTA traces recorded with heating rate 10◦C/min: a) sample
particle size<0.038 mm and b) sample particle size 0.8–1 mm.

granulation (curve 1a) displays the widest crystalliza-
tion peak and the lowest temperature of the peak and
vice versa.

Fig. 2a presents dependencies of (δT)p and T2
p /

(1T)p on the mean value of the glass particles sizes. It
is clear that the obtained curves display similar shapes
on which three different areas can be seen. At the begin-
ning, with the increase of the particle sizes, the value of
(δT)p decreases until the dimension 0.075 mm. Behav-
ior of the valueT2

p /(1T)p in this region is complex. In
the region around 0.075 mm the minimum appear, and
with further increase of particle sizes (>0.075 mm) both
values increase. Such curves suggest that at to particle
sizes around 0.075 mm, the change in the mechanism
of crystallization from surface towards volume glass
crystallization occurs.

In the range of the smallest granulations
(<0.075 mm), in the total number of present nuclei,
the number of surface with respect to internal nuclei
is dominant Due to that, the surface crystallization
is dominant in these particles. With the increase of
particle sizes, the ratio of surface to volume nuclei de-
creases, which results in decrease of the total number of
nuclei, as well as the value (δT)p which is proportional
to total number of nuclei. The variableT2

p /(1T)p
should have a constant value for the dominant surface
nucleation. In this case, the measurements were per-
formed for just two particle sizes (0,019 mm and 0,045
mm), and similar values were arrived at forT2

p /(1T)p.
This is still insufficient for a reliable conclusion.
However, the results in Section 3.5 also point to such
behavior ofT2

p /(1T)p. They show that the activation
energy for crystallizationEa in this glass does not
depend on particle sizes, that is, on the mechanism of
crystallization. Consequently, in case of granulation

(a)

(b)

Figure 2 a) (δT)p and T2
p /(1T)p as a function of particle size and

b) Tp as a function of particle size. DTA is heating rate, 10◦C/min;
sample weight, 100 mg.

<0.075 mm, the valueT2
p /(1T)p should have a con-

stant value [T2
p /(1T)p= 0.5Ea/2.5R= 7576].

In the range of glass particle sizes around 0.075 mm,
the number of surface nuclei is reduced to such an ex-
tent that it is equalized with the number of volume
nuclei. The total number of the present nuclei is the
smallest and the values (δT)p and T2

p /(1T)p display
minima.

The results of SEM investigations in Section 3.6 have
shown that compact samples (of large sizes) are crys-
tallized by the volume crystallization mechanism (Figs
7 and 8). Since with the increase of particle sizes the
ratio of volume to surface grows as well, the number
of internal nuclei increases with respect to the number
of surface nuclei. Due to that, in the range of particle
sizes>0.075 mm, the total number of nuclei increases
too, as well as the values (δT)p andT2

p /(1T)p.
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Fig. 2b presents the dependence of the temperature
of crystallization peak (Tp) from particle sizes. It is
evident thatTp increases with the increase of particle
sizes. However, such result indicates just the fact that,
with the increase of particle sizes, the resistance to crys-
tallization increases as well, although it is not possible
to distinguish surface from volume crystallization from
such behavior.

3.3. X-ray powder diffraction analysis
Samples used for XRD characterization were compact
glass. These were subjected to heat treatment at isother-
mal conditions in two steps. The XRD results show
that, on crystallization temperatures up to 950◦C, only
the leucite phase is distinguished in quantities propor-
tional to the change of crystallization period. Summa-
rized results of the XRD investigations are presented
in Fig. 3. Curve a, presents the powder pattern of ini-
tial glass. Curves b–d coincide with samples crystal-
lized at T = 950◦C for times t = 15, 30 and 60 min.
On the sample crystallized in the periodt = 60 min
(curve d), besides the well-crystallized leucite phase
the traces corresponding to the diopside (CaMgSi2O6)
pattern are recognized. On crystallization temperatures
above 950◦C, besides the two mentioned crystal phases,
the phlogopite phase appears as well. Curve e repre-
sents the sample treated at 1000◦C for 180 min. On
this pattern, besides the crystallized leucite and diop-
side, the phlogopite phase is identified. Quantitative
fractions of these phases were obtained from Rietveld
XRD analysis, as shown in Table I and Fig. 4. The

Figure 3 XRD patterns of: a) initial glass, b–d) crystallized glass with
Tc= 950◦C for t = 15, 30 and 60 min and e) crystallized glass with
Tc= 1000◦C for t = 180 min. All samples were nucleated atTn= 680◦C
for t = 1200 min.

TABLE I The most important crystallographic parameters for crystalline phases, of the present materials, obtained from Rietveld refinement of
XRD pattern

Unit cell dimensions Reliability factors
Quantitative volume

Phase a0 (Å) b0 (Å) c0 (Å) β (◦) Rb (%) Rf (%) fraction (%)

Leucite 13.1037 (3) 13.1037 (3) 13.7417 (3) 90.0 3.51 1.55 58
Diopside 9.7418 (5) 8.9022 (2) 5.2590 (3) 105.778 (3) 4.27 1.53 24
Phlogopite 5.3088 (3) 9.2015 (5) 10.1300 (5) 100.624 (3) 3.48 1.47 18

obtained results show that the investigated glass crys-
tallized in three component glass-ceramic system with
dominant leucite phase. Calculated unit cell dimensions
were compared with literature data and no divergence
was noticed. Moreover, the obtained cell dimensions
for the phyllosilicate phase confirmed the 1M-polytype
fluor-phlogpite phase, which is consistent with the ini-
tial mass balance.

3.4. Nucleation behavior
Investigation of nucleation was carried out by the
method based on DTA measurements, as suggested by
Marottaet al. [13] and Ray and Day [14]. The follow-
ing conditions have to be fulfilled for the application
of this method: a) nuclei should not be formed dur-
ing non-isothermal heating in the DTA experiment and
b) bulk nucleation should occur in the glass. The re-
sults in Section 3.5 indicated that crystallization of
this glass evolves at temperaturesT > 850◦C. On the
other hand, previous investigations of nucleation in
glass showed that it appears around the temperature of
glass transformation (Tg) [15]. Dilatometric measure-
ment of this glass sample revealed that the temperature
of transformation isTg= 671◦C. These results demon-
strate that nucleation and growth of crystal in this glass
evolve in temperature ranges that differ by more than
150◦C, therefore, the corresponding choice of heating
rate during the DTA experiment facilitates satisfaction
of condition (a) above. The heating rate chosen for
these investigations wasv= 10◦C/min. In addition to
that, the results in Section 3.2 demonstrate that volume
crystallization within this glass appears with particle
sizes>0,075 mm. Accordingly, for these experiments,
glass powder whose particle sizes were 0,5–0,7 mm
was chosen, which satisfies condition mentioned above
(b). Theoretical deliberations [16] have shown that un-
der these conditions, and the assumption that crystal
growth follows during DTA a normal or screw dislo-
cation growth mechanism, there is a linear relationship
between the logarithm of the number of nuclei per unit
volumeN and the reciprocal value of the temperature
of the crystallization peak (1/Tp):

ln(N) = Ea

RTp
+ ln v + const. (1)

wherev is the heating rate,Ea is the energy of activation
of crystal growth andR is the gas constant. According
to Equation 1, an increase in concentration of nuclei
causes a shift of the peak towards lower temperatures
andvice versa. This makes possible to obtain from the
ratio 1/Tp to T a curve similar to the nucleation rate
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Figure 4 Rietveld refinement plot of glass sample treated at:Tn= 680◦C for t = 1200 min andTc= 1000◦C for t = 180 min.

curve from which the temperature of the maximum nu-
cleation rateTn is determined.

SEM investigations (Section 3.6) show that leucite
crystals grow in form of equiaxed dendrites with pro-
nounced anisotropy. Previous investigations of crystal
growth mechanism in glass have shown that, at high
overcooling with pronounced anisotropy, the crystals
grow by screw dislocation mechanism [17]. This dis-
cussion indicates that leucite crystal growth in this
glass evolves on faceted interfaces by screw dislocation
growth mechanism, which satisfies all required condi-
tions for implementation of the Equation (1).

Fig. 5 presents the obtained dependence of 1/Tp from
temperature. It is evident from Fig. 5 that, in the tem-

Figure 5 Dependence 1/Tp as a function of nucleating temperature.

perature regionT = 600–710◦C, an asymmetric curve
was obtained, similar to the nucleation rate curve with
maximum in temperature of 680◦C. This is the temper-
ature of the maximum nucleation rate (Tn). The value of
Tn lies above the transformation temperatureTg. Previ-
ous investigations of glass nucleation have shown that,
in case of volume nucleation,Tn≥ Tg [15]. Therefore,
the determined value ofTn indicates the temperature
for volume nucleation in this glass.

The results of the XRD investigation have shown
that, in case of samples subjected to heat treatment
above 950◦C, diopside and phlogopite appear as sec-
ondary phases. However, on the recorded DTA curve in
the temperature regionT = 600–710◦C only one maxi-
mum appears atT = 680◦C. The reason for such result
is probably a small number of developed crystals of
secondary phases, what would explain why their ap-
pearance during DTA experiment has not been pre-
cisely registered. A small number of crystals in these
phases can appear due to: (a) present significant in-
duction time of nucleation or (b) nucleation rate of
diopside and phlogopite is small in the temperature
rangeT = 600–710◦C. The result thatTn≥ Tg indi-
cates that this glass has a small induction time of nu-
cleation, therefore, condition (a) is not followed. Data
on nucleation of diopside and phlogopite for the glass
of such composition are not available, therefore, condi-
tion (b) can be considered. The nucleation mechanism
of this glass is very interesting as well as the question
about the role of the present F

−
ion included as nucleat-

ing agent. It is very probable that F
−

ion, due to its strong
weakening effect on the glass network, makes possible
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easy atomic rearrangement, which, in turn, facilitates
nucleation of leucite. The appearance of phlogopite is
certainly related to the presence of fluorides. However,
their number is small due to a insufficient concentra-
tion of F

−
ion. The results of these investigations do not

give sufficient evidence for establishing the nucleation
mechanism. However, they clearly demonstrate that, in
the presence of F

−
anion (in the quantity of 0.77 wt%),

this glass displays volume crystallization.

3.5. Crystallization kinetics
Analysis of the crystallization kinetics has been carried
out on the basis of DTA measurements. Calculation of
kinetic parameters was based on the modified form of
the Kissinger equation, which has been proposed by
Matusitaet al. [18, 19]:

ln

(
vn

T2
p

)
= −mEa

RTp
+ const (2)

wheren is a constant known as the Avrami parameter
andm represents the dimensionality of crystal growth.
Factorsn andm depend on the crystallization mecha-
nism, andEa values may be obtained from plots of ln
(vn/T2

p ) versus 1/Tp, using the appropriate values ofn
andm. Analyses in Sections 3.2 and 3.4 have shown
that in glass powder with particle sizes 500–700µm,
during DTA runs, the bulk crystallization evolves on
constant number of nuclei. In this case the ratio be-
tween the parametersn andm is the following:n=m,
that is, Ea= Eak, where Eak is the activation energy
of crystal growth determined by Kissinger method. Ta-
ble II presents temperaturesTp recorded at different
heating rates for this sample. By using the Kissinger
equation yields the value for the activation energy of
crystal growthEa= 318± 20 kJ/mol, line A on Fig.6.
Knowledge of the value of the parametern is interest-
ing as it points to the mechanism of crystal growth.
Determination of the parametern has been performed
according to Ozawa method [20] from the following
relation:

ln[−ln(1− x)] = n · ln[K (T0− T)] − n · ln v (3)

where T0 denotes the starting temperature,T and x
is temperature and volume fraction crystallized after
time t , respectively. The Ozawa method is simple and
straightforward, but in this case it is not possible to
obtain more than three values ofx, at the same tem-
perature, for different rates, because the position of the

TABLE I I The shift of crystallization peaks with different heating
rates for powdered glass particles<0.038 and 0.5–0.7 mm

Heating rate Particle size<0.038 mm Particle size 0.5–0.7 mm
[◦C/min] Tp [◦C] Tp [◦C]

2.5 862 914
5 887.4 940
7 892.4 948

10 901.4 958.8
15 921.2 —
20 — 992.2

Figure 6 The plot of ln (vn/T2
p ) versus 1/Tp for: A) sample particle size

0.5–0.7 mm (n= 1), B) sample particle size 0.5–0.7 mm (n= 1,45) and
C) sample particle size<0.038 mm (n= 0.5).

crystallization peak shifts to higher temperature with
increasing heating rates. Used for this calculation were
the DTA curves recorded at heating ratesv= 2.5, 5 and
7◦C/min, at which crystallization peaks in the range
914–948◦C were registered. The selected temperature
wasT = 940◦C. The values ofx were determined from
the relationx= S/S0, whereS denotes the peak sur-
face at a selected temperature andS0 points to the to-
tal surface of the corresponding peak. The calculated
value isn= 1.45± 0.15. This value is close ton= 1.5
which is characteristic for three-dimensional crystal
growth controlled by diffusion at constant number of
nuclei [21]. However, the results of SEM investiga-
tions in Section 3.6 have shown that leucite crystals ap-
pear almost as two-dimensional dendrites. In this case
the transformation takes place in a thin layer, mean-
ing that the average dimension of the transformed area
is considerably larger than the thickness of the layer.
Consequently, the growth of crystal is generally two-
dimensional. Such crystal growth, in case controlled
by diffusion, coincides with the theoretical value of the
parametern= 1. Taking into consideration the exper-
imental errors, the determined valuen= 1.45 is still
high. The probable reason for this is the presence of
secondary phases whose mechanisms of crystal growth
differ from the mechanism of leucite crystal growth, in
spite of the fact that they were not registered at tem-
peraturesT < 950◦C. The calculated value ofEa with
coefficientn= 1.45 according to Equation 2, line B on
Fig. 6, isEa= 324± 20 kJ/mol.

Table II presents temperaturesTp recorded at differ-
ent heating rates on the sample with the smallest gran-
ulation, with particle size being<0.038 mm. Analyses
in Section 3.2 have shown that, in case of this sam-
ple, the surface crystallization is dominant. In this case
the value ofn parameter is 0.5. On the basis of these
results, and by using the value ofn= 0.5 according to
Equation 2 the calculated value ofEa is: Ea= 315± 30
kJ/mol, (line C on Fig. 6). These results show that the
values of Ea in both samples differ only within ex-
perimental and calculation error, and its mean value is
Ea= 319± 23 kJ/mol. This means that, in this case,Ea
does not manifest dependence on particle sizes, that is,
on crystallization mechanism. Under this condition the
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Figure 7 SEM micrographs for sample with heat treatment:Tn= 680◦C for t = 1200 min andTc= 950◦C for t = 30 min.

(a)

(b)

Figure 8 SEM micrographs for sample with heat treatment:Tn= 680◦C for t = 180 min andTc= 900◦C for t = 15 min. a) Interior of the sample and
b) crystal at higer magnification.
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position of lines on Fig. 6 also indicates the change of
crystallization mechanism. The change of line slopes
occurs only as a result of the dependence of the param-
etern on particle sizes, that is, on the mechanism of
crystallization.

3.6. Microstructure
Samples prepared for these investigations were com-
pact bulk cylindrical samples, dimensions: diameter
10 mm, length 40 mm. The samples for SEM inves-
tigations were prepared perpendicularly and along the
axis of the sample and then gold sputtered. On samples
which were subjected to heat treatment in two steps:
Tn= 680◦C for t = 1200 min and after thatTc= 950◦C
for t = 30 min, it was easy to observe on the inside of

(a)

(b)

Figure 9 SEM micrographs for sample with heat treatment:Tn= 680◦C for t = 1200 min andTc= 950◦C for t = 180 min a) interior of the sample
and b) crystal at higer magnification.

the samples the equiaxial dendrites with mutual contact.
The dendrites have secondary and tertiary fibrils. These
investigations established that leucite is grown by the
volume crystallization (Fig. 7). X-ray powder pattern
of this sample is presented in Fig. 3c. It verifies the
fact that the formed crystal phase is a low-temperature
modification of leucite with tetragonal symmetry.

In case of samples which were subjected to heat
treatment for a short time at crystallization temperature
T = 900◦C (Fig. 8), it is possible to observe dendrites
in the volume of the sample undergoing early stage of
growth. It is detectable that from the same core four sep-
arate crystal arms start to grow. Due to a pronounced
anisotropy of the properties such as crystal/glass inter-
facial energy and growth kinetics, the dendrites grow in
preferred crystallographic directions, which are closest
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to the heat flow. When the heat extraction is isotropic
equiaxial dendrites grow along all available preferred
directions [22]. In cubic crystals, six directions are
available [001]. However, in this investigation it was
possible to observe only crystals with fibrils in four
directions [001], Fig. 8a, which points to the fact that
their growth, in this case, evolves in a thin layer, almost
two-dimensionally. Fig. 8b presents the detail of one
crystal at higer magnification.

In case of sample which was subjected to heat treat-
ment for a longer period atTc= 950◦C, the investi-
gations showed the appearance of thick and deformed
dendrites. This indicates that the tops of the fibrils meet
the diffusion fields of the neighboring dendrites, so they
start ripening and thickening. Therefore the fibrils of
the tertiary and higher levels disappear, and their ulti-
mate form easily distinguishable from the initial form
(Fig. 9).

4. Conclusion
The subject of the investigation was the crystallization
of aluminosilicate glass containing 0.77 wt/% of F

−

anion. The dependence of the crystallization mecha-
nism from glass particle sizes has been established.
The results of these investigations show that the crit-
ical dimension of glass particles for which surface
crystallization is switched to volume crystallization is
around 0.075 mm. With glass particle sizes dimen-
sioning<0.075 mm, surface crystallization is dom-
inant, while with glass particle sizes dimensioning
>0.075 mm, volume crystallization is dominant.

The results of XRD show that in temperature ranges
below T = 950◦C the leucite phase crystallizes. On
crystallization temperatures aboveT = 950◦C secon-
dary crystal phases of diopside and phlogopite are
formed. Rietveld analysis of the sample crystallized at
T = 1000◦C indicate the development of a mixture of
crystal phases, containig 58% of leucite, 24% of diop-
side and 18% of phlogopite.

Investigation of nucleation by DTA method shows
that the obtained curve is similar to the nucleation rate
curve with, a maximum at a temperature of 680◦C,
which represents the temperature of maximum nucle-
ation rateTn. This temperature is higher than the glass
transformation temperatureTg.

Kinetic parameters of crystallization show that acti-
vation energy of this process is independent from glass
crystallization mechanism. The determined value of ac-
tivation energy isEa= 319± 23 kJ/mol and the Avrami
parameter isn= 1.45.

The results of investigations of microstructure con-
firm the development of volume crystallization of leuc-

ite in this glass. Leucite crystals grow in form of
two-dimensional equiaxial dendrites with pronounced
anisotropy along the direction〈001〉. Such morphology
of the crystals shows that the process of their growth is
controlled by diffusion and that it evolves at the smooth
atomic-scale faceted crystal/glass interface. In course
of the isothermal heat treatment the structure of den-
drites undergoes changes. They grow and reach a highly
organized structure with secondary and tertiary fibrils.
When the tips of the fibrils meet the diffusion field of
the neighboring dendrites, they start ripening and thick-
ening.
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