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Abstract

The crystallization process of ternary system SiO2±CaO±MgO (Na2O) was investigated by DTA, XRD and SEM techniques and
by strength measurements. The ability of Cr2O3+Fe2O3 as nucleating agents in inducing bulk nucleation via formation of a spinel
phase was proved. Wollastonite and diopside are two major phases that were identi®ed after two-stage heat treatment. The

spherulitic growth morphology was observed by SEM. At high growth temperatures for long times the recrystallization process was
observed too. The kinetic parameters, such as activation energy and Avrami exponent, were calculated by Kissinger equation.
# 2000 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Glass-ceramics are crystalline materials formed
through the controlled crystallization of glass during
speci®c heat treatment. The bulk chemical composition,
nucleant added, ®nal phase assemblage and micro-
structure are the most important factors a�ecting their
technical properties. Crystallization of glass from the
surface of a small number of sites in the interior usually
results in low strength materials with coarse-grained
microstructures. In contrast, e�cient nucleation of
crystals from numerous centres results in ®ne-grained
microstructures and consequently high-strength materi-
als. The role of nucleating agents in initiating glass crys-
tallization from a multitude of centres was the major
factor allowing the introduction of glass-ceramics into
industrial applications.1,2 The sintering production
route for these materials is a major disadvantage and
would make it relatively expensive and di�cult to pro-
duce complex shapes. The classic glass-ceramic production
route converting amonolithic glass to a monolithic ceramic
is a more convenient method to fabricate these materials.
Furthermore, because the crystallization treatment

commences in a homogenous glass, a glass-ceramic may
be produced with an essentially zero porosity.3

Glass-ceramics obtained from crystallization of glass
compositions located in ternary SiO2±CaO±MgO sys-
tem may contain several crystalline phases such as wol-
lastonite, forsterite, diopside, protoenstatite and
akermanite. Owing to the peculiar durability and
mechanical properties of the phases present in these
glass-ceramics, they may be suitable for many applica-
tions,4 but initiation of internal bulk crystallization is
relatively di�cult in these glasses owing to nucleation
problems.
In this work, the e�ect of compositional changes on

crystallization behaviour of the ternary SiO2±CaO±
MgO(Na2O) system, using a mixture of Cr2O3 and
Fe2O3 as nucleating agents, was investigated. The
growth morphologies were also studied and the activa-
tion energy of crystallization was calculated. The chan-
ges of mechanical properties versus composition of
glasses was the other parameter that was investigated.

2. Experimental procedure

2.1. Glass preparation

The compositions of glasses studied are listed in Table 1.
All of the raw materials used for preparation of the
glasses were reagent grade. The weighed batch materials,
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after thorough mixing were melted in a platinum cruci-
ble in an electric furnace at 1450�C for 1 h. The melts
were then cast into hot stainless steel moulds. The glas-
ses were annealed at 600�C for 2 h, and then furnace
cooled to room temperature.

2.2. Heat treatment procedure

The thermal behaviour of glasses was monitored by
DTA scans which were carried out using a simultaneous
thermal analyser (Polymer Laboratories, STA-1640).
For this purpose, 10mg of the powder was sieved into
®ne and coarse fractions (63 and 180±212 mm, respec-
tively) and analysed against Al2O3 powder as the refer-
ence material. In the experiment, a heating rate of 10�C
minÿ1 in static atmosphere were maintained for all the
DTA runs. Each glass sample was held at its appro-
priate nucleation and crystallization temperatures for 1±
10 h. The heating rate was 5�C minÿ1 up to the nuclea-
tion temperature and 1�C minÿ1 between nucleation
and crystallization temperatures.

2.3. Microstructural analysis

The microstructural studies, on the glass and the
crystallized glass, were done by scanning electron
microscope (Cambridge, Stereoscan 360). Crystalline
phases present in glass-ceramic specimens were identi-
®ed by X-ray powder di�ractometer (Siemens, D-500).

2.4. Mechanical tests

Bending strength values were measured by four point
loading method, using rectangular specimens (12�5�50
mm) and an Instron universal testing machine 1196. For
each sample, six measurements were made in the air.

3. Results and discussion

3.1. Thermal analysis

The exothermic crystallization peak temperatures for
glasses with di�erent compositions and di�erent particle
sizes are tabulated in Table 2. In surface-nucleating
glasses, the exothermic crystallization peak position is
strongly dependent upon the particle size. The ®ne
powders with high surface areas crystallized at lower
temperatures. With e�cient bulk nucleation the e�ect of
particle size on the position of the exothermic peak
should be low.5

In this way, for some compositions with relatively low
di�erence in peak positions (e.g. 1, 4, 5), it seems that
crystallization mainly could proceed by a bulk nuclea-
tion mechanism, and for specimen nos 2 and 3, for
example, a surface crystallization mechanism may be
operative. It also can be noted that increasing the content

Table 2

Crystallization peak temperatures for two particle sizes of various samples

Sample no. % MgO Particle size (mm) Tp (
�C)a �T

1 6.02 <63 910

180±212 935 25

2 9.02 <63 891

180±212 931 40

3 12.02 <63 886

180±212 931 45

4 15.02 <63 894

180±212 918 24

5 18.02 <63 880

180±212 907 27

6 21.02 <63 872

180±212 906 34

a Tp, crystallization peak temperature.

Table 1

Compositions (wt%) of various glasses

Sample no. SiO2 CaO MgO Na2O Fe2O3 Cr2O3

1 59.68 21.23 6.02 5.08 4.00 4.00

2 59.68 18.23 9.02 5.08 4.00 4.00

3 59.68 15.23 12.02 5.08 4.00 4.00

4 59.68 12.23 15.02 5.08 4.00 4.00

5 59.68 9.23 18.02 5.08 4.00 4.00

6 59.68 6.23 21.02 5.08 4.00 4.00

Fig. 1. DTA curves for sample nos 2±6.

766 P. Alizadeh, V.K. Marghussian / Journal of the European Ceramic Society 20 (2000) 765±773



of MgO at the expense of CaO resulted in the movement
of the exothermic peak positions to lower temperatures
in all glasses. This can be attributed to the gradual
decrease of viscosity due to replacement of CaO by
MgO. DTA curves for sample nos 2±6 are shown in Fig. 1.

With attention to this ®gure, it is observed that the
sample nos 2 and 3 (with �T=40 and 45�, respectively)
have low intensity in DTA peaks, while DTA peaks due
to sample nos. 4±6 are sharp. In this way, it seems that
the latter samples with lower �T values have high sus-
ceptibility to crystallization.
For estimation of maximum nucleation rate tempera-

ture, the samples were ®rst held for 2 h at di�erent
nucleation temperatures in 20�C intervals from Tg (glass
transition temperature) to Tg+100�C. The degree of
shift of the crystallization peak to lower temperatures
were then measured for these samples by DTA. The
greatest shift of the crystallization peak indicates the
optimum nucleation temperature.6

Fig. 2 shows the variation of the shift (Tp ÿ T 0p) ver-
sus nucleation temperature for sample no. 4, where Tp

and T 0p are the crystallization peak temperatures of as-
quenched and previously nucleated samples, respec-
tively. In this way, the maximum nucleation temperature
was found as 710�C. The limitation of growth tempera-
tures for bulk samples were found as 920 to 960�C.

Fig. 2. Tp±T
0
p plotted against temperature of heat treatment for sam-

ple no. 4 (Tp and T0p are the crystallization peak temperatures of as-

quenched and previously nucleated samples).

Fig. 3. XRD patterns of glass-ceramics after heat treatment at 710 and 960�C for 3 h.
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3.2. XRD analysis

Fig. 3 shows the XRD patterns for all specimens after
heat treatment at mentioned temperatures for 3 h. The
results of X-ray analysis of glass-ceramics are also
tabulated in Table 3. It is seen that as expected,
increasing the content of MgO at the expense of CaO
resulted in a decrease of the peak intensity of wollasto-
nite and an increase in diopside phase. A small peak
with low intensity due to cristobalite phase can also be
observed. Furthermore, it is observed that the width of
peaks were broader in sample nos 5 and 6. Referring to

the wide range of ionic substitutions present in the
monoclinic pyroxene,7 the broadening of peaks could be
attributed to replacement of Ca+2 and Mg2+ by Na+,
Fe+2, Fe+3 and Cr+3 ions. On the other hand, it seems
that with increase of MgO content, the formation of
other silicate phases is also responsible for the broad-
ening of peaks.8

3.3. Microscopic examinations

Fig. 4 shows the micrographs of specimen no. 1 after
crystallization, taken by SEM at two di�erent magni®-
cations. These ®gures revealed wollastonite particles
(light colour) along with ®brous crystals of diopside
(dark colour).
Fig. 5 shows the micrographs of specimen no. 2 after

crystallization, at two di�erent magni®cations. This ®g-
ure revealed the spherulitic growth morphology for
internally nucleated diopside. The extensive phase
separation after 2 h at the nucleation temperature in the
case of glass sample no. 2 is shown in Fig. 6.
According to McMillan,9 chromium in the hexavalent

state (Cr+6) has a higher ®eld strength and hence it

Table 3

Crystalline phases in various samples

Sample no. Crystalline phases

1 Wollastonite±diopside±cristobalitea

2 Wollastonitea±diopside±cristobalite

3 Diopside±cristobalite

4 Diopside±cristobalite

5 Diopside±cristobalitea

6 Diopside±cristobalitea

a Minority phases.

Fig. 5. SEM micrographs of crystallized sample no. 2: (a)

magni®cation�300; (b) magni®cation�2000.
Fig. 4. SEM micrographs of crystallized sample no. 1: (a)

magni®cation�500; (b) magni®cation�2000.
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would occupy an interstitial position, exerting a marked
ordering e�ect upon the oxygen ions surrounding it.
Thus, the amorphous chromium-rich phase separates
out from the glass. The EDAX analysis of sample no. 2
at the central region of the spherulite, which is distin-
guishable with its light colour (Fig. 5), showed the spinel
phase, (Mg, Fe)(Fe, Cr)2O3 (Fig. 7). This phase, which
can readily be crystallized out from the chromium-rich
glassy phase, may act as crystallization centres or nuclei
for the main crystalline phases.10 In this way it seems
that sample no. 2 with �T=40 has the simultaneous
capability of surface and bulk nucleation.
The other nucleating agent, Fe2O3, has probably

improved both the nucleation and growth rates of crys-
talline phases not only by contributing to spinel phase
formation and favourably altering its lattice constant,11

but also by decreasing viscosity of the initial glass.

3.3.1. Growth morphology
In addition to sample no. 2, the spherulitic growth

morphology can also be seen for sample nos 3 and 4 in
Figs. 8 and 9, respectively. For many materials having
high entropies of fusion, undergoing crystallization at
large undercoolings, nucleation of new crystals having
di�erent orientation can occur either at or in advance of

Fig. 6. Phase separation after 2 h at 710�C for glass sample no. 2.

Fig. 7. EDAX analysis of spinel phase at the central region of the

spherulites.

Fig. 8. SEM micrograph of crystallized sample no. 3.

Fig. 9. SEM micrographs of crystallized sample no. 4: (a)

magni®cation�2000; (b) magni®cation�6000.
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the growth front. This type of nucleation can result in
spherulitic growth. All spherulites comprise ®brous
crystals radiating from a common centre.9

The crystallographic orientation and the growth
direction of the branches, which always develop at low
angles to the original ®bre, are controlled by the inter-
ference of the di�usion ®elds of adjacent branches.12

3.3.2. Recrystallization

All microstructures, which contain ®brillar morphol-
ogies, can be recrystallized when annealed at high tem-
peratures for long times. In order to observe this
phenomenon the glass sample no. 2 was heat treated at
1160 and 1260�C for 1/2 and 3 h, respectively. It is seen
that the recrystallization has been started in the sample
heat treated at 1160�C for 1/2 h [Fig. 10(a)], but some
spherulites still persisted. After 3 h soaking at 1260�C, it
seems that the recrystallization has been completed [Fig.
10(b)]. After recrystallization in both samples large
voids appeared which were observable even by normal
visual inspection. The XRD pattern of this sample after
3 h heat treatment at 1260�C showed that major crys-
talline phase existing in the sample was diopside (Fig. 11).
Density measurements showed that the density of lat-

ter glass-ceramic was higher than the parent glass in this
sample (for example, the densities of glassy sample no. 2
and its glass-ceramic counterpart were found to be 2.68
and 3.31 Mg mÿ3, respectively).
The densities of diopside and wollastonite are 3.39

and 2.8, respectively. Therefore it is expected that the
samples containing diopside as the major crystalline

Fig. 10. Recrystallization in glass-ceramic no. 2: (a) heat treated at

1160�C for 0.5 h; (b) heat treated at 1260�C for 3 h.

Fig. 11. XRD pattern of glass-ceramic after 3 h heat treatment at 1260�C.
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phase are generally more susceptible to pore formation
owing to the density di�erences between crystalline
phase and glassy residue.
It seems that the main driving force for recrystalliza-

tion process stems from a reduction in the large surface
area of the ®brils.13,14

3.4. Mechanical tests

The variations of bending strength versus time of
nucleation and growth for specimen no. 2 are shown in
Fig. 12. It is observed that increasing the time of
nucleation and growth results in increasing the bending
strength at ®rst and decreasing thereafter. The
improvement of bending strength with nucleation time
up to 5 h is mainly attributed to the increase in the
volume of wollastonite and diopside. With higher times
of nucleation, on the other hand, decrease of bending
strength can be attributed to the probable coalescence
of existing nuclei, giving rise to smaller nuclei popula-
tion. Decrease of bending strength at higher growth
times could be due to increasing the spherulite size.
The value of bending strength versus MgO percentage

is given in Fig. 13. It can be seen that the bending
strength was decreased with increasing MgO content. It
seems that the di�erence in density between diopside
and residual glass is responsible for this observation.

Since some samples exhibited large bubbles even before
crystallization, it was postulated that this can be related
to more severe phase separation occurring in high per-
centages of MgO. This phenomenon resulted in higher
viscosities,15 which prevents the escape of gases during
glass melting and casting.
In our opinion this phenomenon along with density

di�erence is responsible for pore formation and lower
strengths in the specimens with higher MgO contents.

3.5. Activation energy determination

The DTA curves can be used to determine the activa-
tion energy for crystal growth by analysing the exo-
thermic peaks on the basis of the nucleation and growth
equation.16

DTA runs were performed at di�erent heating rates
(�=10±50 K minÿ1) and the peak position shifts were
measured.
The activation energy for crystal growth, Ec and the

Avrami exponent, n, were then determined according to
the modi®ed Kissinger and the modi®ed JMA equa-
tions,17,18 [Eqs. (1) and (2), respectively]:

Ln
� �n
T2

p

�
� ÿ mE

RTp
� constant �1�

where Tp and � are crystallization peak temperature and
heating rate, respectively.

Ln�ÿLn�1ÿ x�� � ÿnLn�ÿm
Ec

RT
� constant �2�

where x is the fraction crystallization, m and n are inte-
gers, the values of which depend on the growth
mechanism. The value of n can be calculated at any
®xed temperature from the plot of Ln[ÿLn(1ÿx)] versus
Ln �. This value was calculated for specimen no. 4 as
2.3 [Fig. 14(a)]. This value indicates a crystal growth
mechanism in two to three dimensions (with ®bre shape

Fig. 13. Variations of bending strength versus MgO percentage in

sample nos 2±6 after heat treatment at 710� for 5 h and at 960�C for

3 h.

Fig. 12. (a) Variations of bending strength versus times of nucleation

at 710�C for sample no. 2, with 3 h growth at 960�C; (b) variations of
bending strength versus times of growth at 960�C for sample no. 2,

with 5 h nucleation at 710�C.
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particle that grow radially). When nucleation occurs
during the DTA runs, m � nÿ 1, thus m � 1 for this
case.
According to eqn (1), the Ec value can be obtained

from the slope of the plot Ln
�n

T2
p

versus 1=Tp. This value

was about 693.2 kJ molÿ1 for specimen no. 4 [Fig. 14(b)].

For sample no. 2, the values of n and Ec were
obtained as 1 and 395.9 kJ molÿ1, respectively. n � 1
indicates surface crystallization mechanism in sample
no. 2. On the other hand, by a comparison between the
values of Ec for sample nos 2 and 4, it is concluded that
activation energy for surface crystallization is generally
lower than that for bulk crystallization.19

4. Conclusions

1. The ability of 4 wt% Cr2O3+4 wt% Fe2O3 nucle-
ating agents in inducing bulk nucleation via for-
mation of a spinel phase was proved for all
compositions investigated herein.

2. All specimens showed a certain degree of bulk
nucleation, despite the relatively large �T values
revealed by some specimens. No distinct surface
crystallization was observed, contrary to earlier
expectations. However, the sharpness of DTA
peaks for some specimens coinciding with lower
�T values indicates their higher susceptibility to

bulk nucleation, whereas in the case of specimens
exhibiting broader DTA peaks simultaneous sur-
face and bulk nucleation may be operative.

3. The spherulitic growth morphology for diopside
was observed in most specimens investigated
herein.

4. The recrystallization process was observed after
heat treatment at high growth temperatures for
long times. In this process, the spherulitic mor-
phology disappeared and a ®ne microstructure
was formed. The increase of crystalline phases
(especially diopside) due to this high tempera-
ture heat treatment caused pore growth and
decrease of strength nullifying the e�ect of ®ne
microstructure.

5. The increase of MgO content generally resulted in
lower strength values. This was related to pore
growth process owing to di�erence in density
between crystals and residual glass and also to the
phase separation in the glass phase increasing
viscosity.

6. The kinetic parameters, such as activation energy
and Avrami exponent were calculated as 693.2 kJ
molÿ1 and 2.3, respectively, for a sample contain-
ing 15% MgO. The later value indicates a crystal
growth mechanism in three dimensions. For sam-
ple containing 9% MgO, these values were calcu-
lated as 395.9 kJ molÿ1 and 1, respectively. For
this sample, surface crystallization is the dominant
mechanism.
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