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Abstract

The crystallization behaviour of fly ash based glass samples annealed at 600�C for 2 and 10 h was investigated by DTA, XRD
and SEM. On the basis of DTA, nucleation experiments of two glass samples were carried out at 680 and 687�C for 5 h and crys-

tallization experiments were performed at 924 and 892�C for 20 min. The Avrami constant for both glass samples was calculated as
4, which indicates bulk crystallization, predicted by the Ozawa equation. Using the modified Kissinger equation, activation energies
of crystal growth were determined as 318 and 312 kJ/mol for samples annealed at 2 and 10 h, respectively. Single peak analysis
technique proved that the activation energy is independent of DTA heating rate. SEM observations indicated that the produced

glass–ceramic samples have fine grained microstructure. The crystallized phase was identified as diopside [Ca(Mg,Al)(Si,Al)2O6]
by X-ray diffraction analysis. The results of Vickers microhardness tests showed that the hardness values of the produced glass–
ceramic samples decreased with the increase in holding time at the annealing temperature. # 2001 Published by Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Fly ash is a waste material produced from coal burn-
ing thermal power plants. Since it is in dry form and
produced in large quantities, it is one of the major
source for environmental pollution. In recent years,
many research and development investigations have
been conducted in its utilization as a starting material
for glass–ceramic production.1�5 Furthermore, fly ash is
much more convenient than steel slags in glass ceramic
production: it is available in fine powder form and in
greater quantities than slag.
Glass–ceramics are polycrystalline solids produced by

controlled crystallization of glasses.6 Controlled crys-
tallization usually involves a two-stage heat treatment,
namely a nucleation stage and a crystallization stage. In
the nucleation stage, small nuclei are formed within the
parent glass. After the formation of stable nuclei, crys-
tallization proceeds by growth of a new crystalline

phase. Knowledge of nucleation and crystallization
parameters is important in the preparation of glass–
ceramics with desired microstructure and properties.7

Differential thermal analysis (DTA) is widely used in
investigating the crystallization kinetics of glasses and
glass-ceramics.1,8�20 Two methods, namely isothermal
and non-isothermal methods, are applied for differential
thermal analysis. In the isothermal method, glass sam-
ples are quickly heated up and held at a temperature
above the glass transition temperature. In this case
crystallization occurs at a constant temperature. In the
non-isothermal method, glass samples are heated up at
a fixed heating rate and crystallized during the thermal
analysis scan.9 The non-isothermal method is more
simple and quicker than the isothermal method. Acti-
vation energy and crystallization mechanisms are the
most important kinetic parameters for the crystal-
lization of glasses. These parameters can be obtained by
DTA results using the equations that are proposed to
interpret non-isothermal data.19�24

The aim of the present work is to investigate the effect
of different holding times during annealing temperature
on the crystallization behaviour of fly ash based glasses
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and to determine some kinetic parameters that describe
the crystallization process by DTA.

2. Experimental procedure

2.1. Thermal analysis and heat treatment

The detailed procedure of the glass production from
fly ash which consists of chemically following oxides (in
wt.%); 42.82% SiO2, 16.38% CaO, 5.85% MgO, 7.01%
Fe2O3, 13.36% Al2O3, 5.06% Na2O, 1.83% K2O and
6.47% SO3 has been described previously.25 The as-cast
glass samples were annealed at 600�C for 2 and 10 h
followed by slow cooling to the room temperature.
Differential thermal analysis (DTA) scans of annealed

glass specimens were carried out in a Rigaku Thermo-
flex Thermal Analyzer. After crushing annealed glasses
to the size of about 1 mm, non-isothermal experiments
were performed by heating 30 mg glass samples in a Pt-
crucible and using Al2O3 as the reference material in the
temperature range between 20 and 1100�C at the heat-
ing rates of 5, 10, 15 and 20�C/min. Kissinger15,19,26 and
Ozawa21 analyses were applied to the DTA scan results
to obtain the activation energy for crystallization and the
crystallization mechanism of the glass–ceramic samples,
respectively. Activation energy is also determined by
using a single crystallization peak analysis technique.
Nucleation and crystallization experiments were car-

ried out on the basis of DTA scan results. The peak
temperatures (Tg and Tp) changing with heating rates
were given in Table 1. Nucleation and crystallization
temperatures were selected 10�C above the Tg and Tp

temperatures. Preliminary qualitative optical micro-
scopy work was carried out on as-cast glass specimens
(2 h at 600�C and 10 h at 600�C) heated slightly above
the Tg value for different temperatures and held at these
temperatures 5 h followed by quenching in water to
observe the development of the stable nuclei.27,28 Optical
samples revealed the highest amount of visible nuclei
which did not increase in number at longer times and
the stable nuclei formed in the microstructure only 10�C
above the glass transition temperatures.25 On the basis of

this observation, the optimum nucleation temperatures
chosen for this study were 680 and 687�C. The anneal-
ing temperature was chosen as 600�C. As reported in
the literature, 70–100�C below the Tg value is appro-
priate for the annealing temperature.2,29 For this pur-
pose, glass samples annealed at 600�C for 2 and 10 h
were heated at a rate of 10�C/min to the nucleation
temperature of 680 and 687�C, respectively. In the pre-
vious study regarding the crystallization behaviour of
fly ash,25 an optimum nucleation time of 5 h was deter-
mined at these nucleation temperatures. Following nucle-
ation, the temperature was raised to the crystallization
temperatures of 924 and 892�C, for the samples annealed
for 2 and 10 h, respectively. Samples were held at these
temperatures for 20 min and cooled in the furnace.

2.2. Microstructural characterizations and mechanical
tests

The characterization of the produced glass–ceramic
samples was carried out using both electron microscopy
and X-ray diffraction techniques. Scanning electron
microscopy (SEM) investigations were conducted in a
JeolTM Model JSM-T330 operated at 25 kV and linked
with an energy dispersive (EDS) attachment. For the
SEM investigations, optical mount specimens were pre-
pared using standard metallographic techniques fol-
lowed by chemical etching them in a HF solution (5%)
for 1.5 min. The etched glass–ceramic samples were
coated with a thin layer of gold.
The X-ray diffraction (XRD) investigations were car-

ried out in a PhilipsTM Model PW3710 using CuKa

radiation at 40 kV and 40 mV settings in the 2� range
from 10 to 80�. The crystallized phases were identified
by comparing the peak positions and intensities with
those in the JCPDS (Joint Committee on Powder Dif-
fraction Standards) data files.
Vickers microhardness measurements of heat treated

glass–ceramic samples were made with a LL Model
Tukon Tester. Specimens were prepared using conven-
tional metallographic techniques and a load of 500 g
were used to indent their surfaces. In order to obtain
reliable statistical data, at least 15 indentations were
made on each sample.

3. Results and discussions

3.1. Activation energy determination

DTA experiments were carried out on annealed glass
samples to investigate the crystallization behaviour of
the glasses. Figs. 1 and 2 show the DTA scan curves of
glasses annealed at 600�C for 2 and 10 h. As seen in
Figs. 1 and 2, the faster the heating rates, the higher the
peak temperatures and the larger the peak heights

Table 1

Tg and Tp values of glasses produced from fly ash

Heating rate

(�C/min)

Peak temperatures (�C)

Tg Tp

2 h

at 600�C

10 h

at 600�C

2 h

at 600�C

10 h

at 600�C

5 663 674 883 863

10 671 677 914 882

15 682 684 935 917

20 685 692 950 919
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become. The crystallization peak temperature, Tp,
decreases with increase in the holding time at the
annealing temperature. A broad crystallization peak
indicates surface crystallization, whereas a sharp peak
signifies a bulk crystallization process.21 Based on this
interpretation, it can be inferred that bulk crystal-
lization is predominant in the produced glass samples.
The variation of the crystallization peaks with differ-

ent DTA heating rates can be used to estimate the acti-
vation energy for crystallization and to determine the
crystallization mechanism. The activation energy for the
crystallization of the glass samples can be determined by
using the modified Kissinger method as described by
Matusiata et al.15,19,26 The crystallization peak tem-
perature is obtained as a function of the heating rate,
then the following relationship is applied:

ln �n=T2
p

� �
¼ � mE=RTp

� �
þ constant ð1Þ

Where � is the heating rate, Tp is the crystallization
peak temperature at a given heating rate, E is the acti-
vation energy for crystallization, R is the gas constant, n
is an Avrami constant and m is the dimensionality of
crystal growth. The parameters n and m are character-
istics of various crystallization mechanisms and they can
take on various values as summarized in Table 2.15,19,30

For the special case where surface crystallization is the

predominant mechanism, n=m=1, Eq. (1) reduces to
the familiar Kissinger equation.31

The value of the Avrami constant, n, can be deter-
mined by the Ozawa equation:21

d ln� ln 1� xð Þð Þ

dln�

����
����
T

¼ �n ð2Þ

where x is the volume fraction crystallized at a fixed
temperature T with the heating rate of �. x is the ratio of
the partial area at a certain temperature to the total area
of a crystallization exotherm. Plots of ln � ln 1� xð Þð Þð ÞT
vs ln� for glass samples annealed at 600�C for 2 and 10
h are shown in Figs. 3 and 4, and the values of n deter-
mined from the slopes of these plots are 4 and 3.8
(allowing experimental errors, the latter value is close to
4), respectively. These values indicate that the bulk
crystallization is dominant in the produced glass. The m
value for the glass samples annealed at 600�C for 2 and
10 h should be equal to n�1, i.e. 3. By substituting the
appropriate values of n, m and R (8.3144 J/mol K) in
Eq. (1) for two glass samples, the activation energies are
found from the slope (�mE/R) of a plot of ln

�
�n=T2

p

�

Fig. 1. DTA plots of the as-cast glass annealed at 600�C for 2 h

scanned at the heating rates of: (a) 5�C/min, (b) 10�C/min, (c) 15�C/

min and (d) 20�C/min.

Fig. 2. DTA plots of the as-cast glass annealed at 600oC for 10 h

scanned at the heating rates of: (a) 5�C/min, (b) 10�C/min, (c) 15�C/

min and (d) 20�C/min.
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against 1=Tp. The modified Kissinger plots were
presented in Figs. 5 and 6. From the slope of the mod-
ified Kissinger plots, the activation energies for the
crystallized glass samples annealed at 600�C for 2 and
10 h were determined as 318 and 312 kJ/mol, respec-
tively. Since both samples have the same composition,
calculated activation energy values, E, are very close to
each other. The calculated activation energy values are
lower than the value of 370 kJ/mol found by Cioffi et
al.1 for a glass–ceramic produced from fly ash.
Activation energy for any of the glass sample can also

be determined from a single DTA peak using the fol-
lowing equation:15

ln �ln 1� xð Þð Þ ¼ �mE=RTþ constant ð3Þ

x is the volume fraction crystallized at different tem-
peratures (T) for a single crystallization exotherm. E can

be calculated from the slope of ln (�ln(1�x)) vs 1/T.
Eq. (3) is also used to determine the effect of heating
rate (�) on activation energy (E). The plots of
ln(�ln(1�x)) vs 1/T for the crystallization peak deter-
mined at heating rates of 5, 10, 15 and 20�C/min are
shown in Figs. 7 and 8 for samples annealed at 600�C
for 2 and 10 h, respectively. Table 3 represents the activa-
tion energy values that are determined individually from
the crystallization peaks. As seen in Table 3, activation
energy values for both samples are independent of
heating rates (within the �20 kJ/mol error). The average
activation energy values for all heating rates are very close

Fig. 4. The Ozawa plot of the glass sample annealed at 600�C for 10 h.

Fig. 5. The modified Kissinger plot of the glass sample annealed at

600�C for 2 h (Avrami parameter: n=4 and dimensionality of crystal

growth: m=3).Fig. 3. The Ozawa plot of the glass sample annealed at 600�C for 2 h.

Table 2

Values of n and m for different crystallization mechanisms in the

heating process15,19,30

Crystallization mechanism n m

Bulk crystallization with a constant number

of nuclei (i.e. the number of nuclei is

independent of the heating rate)

Three-dimensional growth of crystals 3 3

Two-dimensional growth of crystals 2 2

One-dimensional growth of crystals 1 1

Bulk crystallization with an increasing

number of nuclei (i.e. the number of nuclei

is inversely proportional to the heating rate)

Three-dimensional growth of crystals 4 3

Two-dimensional growth of crystals 3 2

One-dimensional growth of crystals 2 1

Surface crystallization 1 1
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to values which are calculated from the modified Kissinger
equation. However, the single peak analysis technique is
very useful to determine the activation energy when only
a small amount of glass is available or the quick deter-
mination of activation energy using with only one DTA
measurement is required and the m value is known.

3.2. Microstructral characterization

To determine the morphology of the microstructure,
SEM investigations were applied on the produced glass–

ceramic samples. Fig. 9 shows the SEM micrograph of
the glass–ceramic sample nucleated at 680�C for 5 h and
crystallized at 924�C for 20 min. A great number of
crystallites approximately 0.25 mm in diameter can be
seen in this figure. The crystallized glass consists of tiny
spherulite crystals uniformly dispersed in the micro-
structure. Fig. 10 is a SEM micrograph of the glass–
ceramic sample nucleated at 687�C for 5 h and crystal-
lized at 892�C for 20 min. Fig. 10 shows the presence of
a homogeneous dispersion of tiny crystallites and the
average crystalline size is about 0.5 mm. The crystallites
are larger than that of the glass–ceramic sample nucle-
ated at 680�C for 5 h because of increase in the holding
time at the annealing temperature. The shape of the
crystallites is also changed. The sample annealed at
600�C for 2 h has more spherulitic crystallites than the
sample annealed at 600�C for 10 h. Since presence of a
homogenously dispersed tiny crystals in the micro-
structure is required, 10 h is an excessively long holding
time for annealing. Cross-sectional SEM investigations
were also carried out to characterize the crystallite mor-
phology in the bulk of the samples. It was found that the
similar average crystalline size and morphologies were

Fig. 6. The modified Kissinger plot of the glass sample annealed at

600�C for 10 h (Avrami parameter: n=4 and dimensionality of crystal

growth: m=3).

Fig. 7. Plots of ln(�ln(1�x)) vs 1/T�10�4 for the glass sample

annealed at 600�C for 2 h.

Table 3

The values of activation energy determined by using single peak analy-

sis technique for crystallization of glass samples annealed at 2 and 10 h

Activation energy (kJ/mol)

Glass sample 5�C/min 10�C/min 15�C/min 20�C/min Average

Annealed 2 h 351 355 300 330 329

Annealed 10 h 350 355 275 300 320

Fig. 8. Plots of ln(�ln(1�x)) vs 1/T�10�4 for the glass sample

annealed at 600�C for 10 h.
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also detected in the cross-sectional SEM investigations.
This confirms that bulk crystallization is the predominant
mechanism in both samples as predicted by the activa-
tion energy determination in the previous section.
The crystalline phase was identified by XRD analysis.

The XRD scans revealed that the main crystalline phase
is diopside-alumina [Ca(Mg, Al)(Si, Al)2O6] for both
glass–ceramic samples, since the glass–ceramic samples
have the same composition. Fig. 11 shows the XRD
pattern of the glass–ceramic sample nucleated at 680�C
for 5 h.
As seen in Fig. 11, all the diffraction peaks can be

indexed as arising from the reflection planes of the diop-
side-alumina phase which has a monoclinic structure
with lattice parameters a=0.973 nm, b=0.887 nm,
c=0.528 nm and �=105.92�.32

3.3. Hardness measurements

Vickers microhardness measurements taken from the
glass–ceramics annealed at 600�C for 2 and 10 h yielded
the values of 907 and 729 kg/mm2, respectively. It is
clear that hardness values decrease with the increase in

the holding time at the annealing temperature. This is
expected since the average crystalline size increases with
the increase in holding time at the annealing tempera-
ture as seen in SEM micrographs (Figs. 9 and 10). In
compliance with the Hall–Petch relation, the micro-
hardness values are larger for the glass-ceramic with
smaller grain size(annealed at 600�C for 2 h). The
smaller the crystalline grain size the better the micro-
hardness value.

4. Conclusions

From the experimental results the following conclu-
sions can be drawn.

1. DTA results showed that the crystallization tem-
perature varied from 863 to 950�C with the
increase in the heating rate.

2. The crystallization behaviour of glass–ceramic sam-
ples has been investigated under non-isothermal
conditions. Using the Ozawa equation, the Avrami
constant (n) was calculated as 4 for both samples,
indicating that bulk nucleation occurs in both
glasses by three dimensional growth. The activa-
tion energy of crystal growth for the glass-ceramic
samples annealed at 600�C for 2 and 10 h were
determined using the modified Kissinger equation.
The values are 318 and 312 kJ/mol, respectively. It
has been shown that the activation energy is inde-
pendent of the DTA heating rate.

3. XRD results revealed that the glass–ceramic sam-
ples with different heating conditions have the

Fig. 10. Representative SEM micrograph of the fly ash based glass–

ceramic sample annealed for 10 h nucleated at 687�C for 5 h and

crystallized at 892�C for 20 min (magnification �7500).

Fig. 11. X-ray diffraction pattern of the fly ash based glass–ceramic

annealed for 10 h nucleated at 687�C for 5 h and crystallized at 892�C

for 20 min.

Fig. 9. Representative SEM micrograph of the fly ash based glass–

ceramic sample annealed for 2 h nucleated at 680�C for 5 h and crys-

tallized at 924�C for 20 min (magnification �7500).
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same crystalline phase determined as the diopside-
alumina [Ca(Mg, Al)(Si, Al)2O6] phase.

4. SEM investigations revealed that tiny crystallites
ranging in size between 0.25 and 0.5 mm were uni-
formly dispersed in the microstructure for both sam-
ples. Similar crystalline morphology and sizes were
also observed in the cross-sectional microstructures
as a result of bulk crystallization in both samples.

5. The microhardness values of the produced glass–
ceramics decrease with increase in the holding time
at the annealing temperature.
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Y. and Yücelen, E., Characterization investigations of a glass–
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