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The nucleation agent is one of the most important factors in glass-ceramics as it can control either the crystalliza-
tion temperature or the activation energy. In this study, we investigated the effect of two common nucleation
agents, TiO, and Cr»0s3, in the Si0,-A1L,05-Ca0O-MgO system. To determine the effect of TiO, and Cr,O; on nucle-
ation, we measured the crystallization temperature by differential scanning calorimetry (DSC) scanning. To deter-
mine the activation energy of nucleation, the DSC scanning was made for the selected samples at various speeds.
Also, the crystallinity of the selected sample was evaluated from the scattering intensity in X-ray diffractometry.
Using DSC scanning, we found that TiO, was effective in decreasing the crystallization temperature, while Cr,O;
was effective in decreasing the activation energy. We also performed nucleation heat treatment near the glass tran-
sition point. It is found that nucleation heat treatment was not effective in decreasing the crystallization tempera-
ture in our experimental condition. The XRD scattering method results showed that temperature is the key factor in

crystallization and the effect of time is not as important.
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1. INTRODUCTION

Glass-ceramics are defined as materials produced under
controlled heat to crystallize the base glass. Glass-ceramics
have the outstanding characteristics of both glass and crys-
tallite: the moisture resistance and easy formation of glass,
and the high mechanical strength and chemical resistance of
crystallite. Hence, glass-ceramics have been widely used in
civil engineering, chemical engineering, electrical engineer-
ing, and the space industry.

A wide variety of compositions are available in glass-ceramics,
with very different properties, depending on the composition
system [1-5]. Beginning in the early 1960s, glass ceramic mate-
rials have been actively developed for recycling industrial
wastes such as metallurgical slags, which offered the significant
potential for cost saving. Glass-ceramics have also been widely
studied with respect to the use of various metallurgical wastes
including blast furnace slag [6-8], aluminum residue [9],
phosphorus slag [10], copper slag [11], nickel slag [12], and
steel slag [13]. Recently, we also investigated the possibility
using steel industry slags and some industrial wastes to pre-
pare glass ceramic materials characterized by high strength
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and high anti-abrasion properties [14].

In glass-ceramics, crystallinity is one of the most import-
ant factors. Field [15] studied the crystallinity of stretched
rubber using X-ray diffractometry to measure scattering intensity,
and demonstrated that scattering intensity decreases propor-
tionally as the material is crystallized. Based on Field’s experi-
ment, Ohlberg and Strickler [16] applied this theory to glass-
ceramics to determine degrees of crystallization. Jang and Jung
[17] also applied this theory to glass-ceramics in a CaO-MgO-
ALO;-Si0x(-Na,O) system, and further deduced the Avrami
factor. Karamanov and Pelino [18] determined the degree of
crystallization in glass-ceramics by measuring density.

To facilitate glass crystallization, a nucleation agent can
be added in the manufacture of glass-ceramics. Commonly
used nucleation agents include Cr,Os, Fe;Os, TiO,, ZrO,, P2Os,
and some halide minerals such as CaF,. Baldi and Generali
[19] have used TiO,, ZrO,, and P,Os as nucleation agents in
Si0,-CaO-MgO systems, Banijamail ez al. [20] used TiO,, CaF,,
and ZrO; in Si0,-Al,0;-CaO systems, and Alizadeh and
Marghussian [21]used WO, V,0s, and MoO in SiO,-CaO-
MgO-Na,O systems. Karamanov et al. [22] used small amounts
of Cr,0; in Si0,-A1,05-Ca0O-Na,O with a higher amount of
Fe,0;. As is evident, there is a diverse range of nucleation
agents and their behavior is complicated, based on the system
composition.
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In our present work, we investigated the effect of Cr,Os
and TiO, on the crystallizing behavior of the SiO,-Al,Os-
Ca0-MgO glass-ceramic system with specific amounts of
Fe,0;, which is a common composition system in basalt mate-
rial. In the SiO,-ALO;-CaO-MgO system, we found the main
phases to be augite and anorthite, which have been reported
previously [23,24]. We used various experimental facilities to
quantitatively evaluate the effects of Cr.O; and TiO; as nucleating
agents in this system.

2. EXPERIMENTAL PROCEDURE

2.1. Preparation of glass sample

We designed the glass composition to include SiO,, MgO,
Ca0, and Al,O;,and added Fe,O5; and MnO to reduce viscosity
and make the casting process easier. To examine the effect
of nucleating agents, we added Cr,Os and TiO, and adjusted
other glass components in proportion to the amount of the
added nucleating agent. Tables 1 and 2 show the specific compo-
sition of the samples used in our Cr,O; and TiO, experiments,
respectively. We prepared CaO by calcinating Ca(OH), at
900 °C, and used reagent-grade chemicals as starting mate-
rials. We mixed the weighed materials in a mortar first, then
treated the mixed powder with a ball mill, using silicon balls, at
200 rpm for 20 min.

Next, we put the mixture into an alumina crucible and placed
the crucible in an electrical-resistance furnace. We set the fur-
nace to slowly raise temperature to 1500 °C, and to ensure
that the mixture was melted and completely mixed in the crucible,
we kept the temperature constant at 1500 °C for one hour.
While the furnace temperature was increasing to 1500 °C,
we set another furnace to increase its temperature to 500 °C

to pre-heat a graphite mold for 10 min, just prior to casting.
After an hour at 1500 °C, we casted the melt in the pre-heated
mold. After casting, we put both the mold and casted glass into
the pre-heated furnace at 500 °C to prevent the glass from
breaking, and slowly cooled the mold and glass sample in the
furnace.

2.2. Characterization

The chemical composition of the materials was determined by
X-ray fluorescence (XRF) and the result of composition
analysis is shown in Tables 1 and 2. Figure 1 shows the com-
position of samples in Si0>-ALOs-CaO with 16 wt% of MgO.
It is noteworthy that all samples are in the range of liquid region
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Fig. 1. Composition of glass samples on phase diagram of SiO,-ALO;-
CaO with MgO 16 wt% at 1500 °C.

Table 1. Composition of glass ceramics for Cr,O; nucleation experiment (wt%)

Sample SiO, ALO; MnO CaO MgO Fe,0; Cr,05
CRO0.00 42.82 17.26 7.20 12.51 13.17 4.48 -
CRO.11 39.56 17.05 7.15 13.88 12.67 4.52 0.11
CRO.15 40.40 16.66 7.06 13.94 13.20 4.78 0.15
CRO0.38 42.13 16.87 7.10 13.91 12.40 4.54 0.38
CRO0.57 42.01 16.98 7.22 12.41 13.18 4.68 0.57
CRO0.84 47.02 17.58 6.70 10.99 11.29 4.17 0.84
CR3.35 39.61 16.50 7.10 10.89 12.42 5.00 3.35
CR3.57 40.51 14.28 6.76 13.21 12.07 5.05 3.57
CR9.44 40.17 12.05 7.51 10.34 11.67 5.05 9.44
CR14.9 35.02 11.73 7.67 10.23 10.41 5.50 14.99
Table 2. Composition of glass ceramics for TiO, nucleation experiment (wt%)
Sample SiO, Al O; MnO CaO MgO Fe,0; TiO,
T10.00 42.82 17.26 7.20 12.51 13.17 4.48 -
TI14.04 39.70 18.65 7.05 12.61 12.22 4.42 4.04
TI17.63 37.72 19.20 7.10 11.73 11.42 4.16 7.63
TI8.50 37.49 20.54 6.95 10.80 10.69 4.02 8.50
T19.34 37.39 20.37 6.83 10.90 10.38 3.86 9.34
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in the diagram. After the cool-down period, to measure the
material’s properties, we crushed each glass sample into powder
and conducted differential scanning calorimetry (DSC) on a
Mettler Toledo TGA/DSC1 instrument. We did not perform
thermogravimetric analysis, as the change in the glass sample
weight by temperature was negligible. We conducted DSC
analysis in a temperature range of 600 °C to 1500 °C at a heating
rate of 10 °C/min, and purged Ar gas during the analysis.
For the DSC measurement, we used a high-purity alumina
pan of 70 ml with a cover.

We then carried out X-ray diffraction (XRD) analyses on
a Rigaku D/max 2500 (Rigaku Japan) under a voltage of 40 kV
and a current 200 mA by Cu Ka radiation on the cold pressed
powders of glass or ceramic. We used the amorphous scat-
tering method to measure the degree of crystallization, since
most of the samples were in powder form, making it diffi-
cult to measure the density.

2.3. Nucleation and Growth procedures

From our DSC analyses, we determined the glass transition
points. We then provided some part of samples of selected
composition for heat treatment (the nucleation test) near to
their glass transition points. Here we used two furnaces in
the nucleation heat treatment. We put the samples into a small
alumina crucible, and kept them at the desired temperature
for 1 h in main furnace. After 1 h of nucleation, we moved the
sample and crucible into the other furnace, which we set at
500 °C for 10 min. Finally, we took the crucible out from the
500 °C furnace and covered it with Kaowool insulation to
cool slowly. Then, we again performed DSC measurement on
the samples with nucleation treatment to examine the effect
of this procedure on their crystallization behavior, which
has also been studied by Karamanov et al. [22].

We performed the crystal growth treatment with different
time on selected samples, each time performing the similar
procedure as the nucleation heat treatment. We put the sam-
ples into alumina crucibles and treated them at the desired
crystallization temperature, as determined by DSC analysis.
After treating the samples for a specified time, we moved
them into the other furnace, which was set at 500 °C, and
kept them there for 10 min before taking them out of the fur-
nace and covering them with Kaowool insulation for slow
cooling.

In this study, we varied the crystallization time to examine
the effect of time on the crystallization of the glass-ceramic
material. After crystallization, we analyzed the samples by
XRD to evaluate their crystallinity. To do this, we first scanned
the samples from 20 to 80 degrees, and then measured the
scattering intensity near the highest main peak. We made a
precise measurement in the range from 28.7 to 28.8 degrees,
with a step of 0.02. At each point, we measured the intensity
for 200 s, and then used the average intensity to evaluate the
crystallinity.

3. RESULTS AND DISCUSSION

3.1. Cr,0; as nucleating agent and nucleation process
Figure 2 shows the DSC data of the Cr,Os-containing glass.
In a wide range of Cr,O; concentrations from CRO0.11 to CR14.9,
the temperature of the crystallization peak was higher than
0 wt% Cr0;. Between CRO0.15 and CR0.38, the crystalliza-
tion peak temperature decreased slightly, but was still higher
than the temperature without Cr,Os. Figure 3 shows the equilib-
rium phases for the CR3.35 composition, as calculated by
FactSage software. The composition that includes Cr,Os; formed
the spinel phase MgCr,O, even at 1500 °C. We expected that
the spinel phase boundaries could act as nucleation sites, to
make the crystallization much easier, and that the crystalli-
zation temperature would decrease. Decreasing crystallization
temperature by the spinel phase has been reported by other
researchers [25-28]. In contrast, several studies have also
reported that Cr,O; increased the crystallization temperature
[29,30]. In this study, we evaluated the effect of Cr,Os as a
nucleating agent not only with respect to changes in the crys-
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Fig. 2. DSC profiles of Cr,O; nucleating experiment.
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for CR3.35 composition.
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Fig. 4. DSC scan of CR3.57 composition with nucleation heat treat-
ment.

tallization temperature, but also in the activation energy, calcu-
lated using the Kissinger equation [31].

Figure 4 shows the DSC profiles for CR3.57 after the
nucleation process for different temperatures. The differ-
ences in the crystallization temperature are less than 5 °C, so
the nucleation process has almost no effect on decreasing
the crystallization temperature.

3.2. TiO; as nucleating agent and nucleation process
Figure 5 shows the DSC data of TiO»-containing glass. The
crystallization temperature decreased as the TiO, weight
percent increased. In particular, between TI17.63 and T18.50,
the change in the crystallization temperature was 15 °C, while
other changes were 5-6 °C. This data indicates that TiO,
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Fig. 5. DSC scan of TiO, added samples.
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Fig. 6. DSC scan of TI8.50 composition with nucleation heat treat-
ment.

helps to decrease crystallization temperature in this compo-
sition. Using TiO, to decrease the crystallization tempera-
ture has been reported by other researchers [32-34]. As the
TI8.50 shows a rapid decrease in crystallization tempera-
ture, we conducted the following experiment with this com-
position.

We performed the nucleation process with the TI8.50 composi-
tion. According to the DSC data, the nucleation temperature
is near to the glass transition point, which is 705 °C. We car-
ried out the nucleation process by putting the sample into the
furnace, which we set at 705 °C, 710 °C, 715 °C, and 720 °C,
in turn. Figure 6 shows the DSC data results after nucleation.
Similar to that for the Cr,Os-added samples, the crystalliza-
tion temperature decreased slightly after nucleation, negli-
gibly so. The differences only ranged 1-2 °C, while another
study reported this temperature to have reduced by as much
as 20 °C or more [22]. Our study results show that the nucle-
ation process of the Si0»-Al,05;-CaO-MgO system with TiO
is not effective in decreasing the crystallization temperature.

3.3. Activation Energy by Kissinger method

To obtain the activation energy of the sample, we used the
Kissinger method. We selected glass samples without any
nucleating agent for the CR0.84 and TI8.50 samples and
conducted DSC analysis at different heating rates of 5 °C/min,
10 °C/min, 15 °C/min, 20 °C/min, and 30 °C/min. The crys-
tallization temperature changed with changes in the heating
rate. Table 3 lists the crystallization temperatures and Fig. 7
shows the DSC data for different heating rates. Figure 8
shows the data plotted using the Kissinger equation, which

Table 3. The list of peak temperature of each samples with different DSC scan speed

T, (°C) 5 °C/min

10 °C/min

15 °C/min 20 °C/min 30 °C/min

Non-nucleted-glass 883 901
CRO0.84 896 919
TI8.50 857 876

912 920 931
932 944 960
886 891 905
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Fig. 7. DSC scan with different scan speeds: (a) non-nucleated glass,
(b) CR0.84, and (c) TI8.50.
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Fig. 8. The linear fitting based on the Kissinger equation: (a) non-
nucleated glass (b) CR0.84 (c) TI8.50.

gas constant, and T, is the crystallization temperature. In
Fig. 8, we adopted a linear fitting, and found the activation
energy to be 411.44 kJ/mol for the non-nucleating-agent sam-
ple, 319.59 kJ/mol for the CR0.84 sample, and 403.13 kJ/mol
for the T18.50 sample. As such, the samples with a nucleating
agent showed a lower activation energy, and the CR0.84 sam-
ple, in particular, showed a much lower energy than the TI8.50
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Table 4. The list of activation energy reported by other researchers

Author Composition System Phases E. (kJ/mol)
P. Alizadeh, V.K. Marghussian [35] Si0,, MgO, CaO, Na,O, Fe,0;,Cr,0; Wollastonite, Diopside, cristobalite 693.2
Y.J. Park, J. Heo [36] Si0,, Ca0, MgO, ALOs, TiO,, Na,O Diopside 499
M.L Overcoglu, B. Kuban & H. Ozer [37] Si0,, Ca0, MgO, ALOs, TiO,, Alkali oxide Diopside, TiO, 150
M. Romero, R. D. Rawlings and J. Ma. Rincon [38] Si0,, ALOs, TiO,, Li,0, MgO, b-spodumene 282.4
Table 5. Amorphous scattering intensity of TI8.50 sample
As casted 30 min 60 min 120 min 240 min
876 °C 103,635 57,979 52,229 42,432 40,613
900 °C 103,635 23,637 23,591 21,857 19,095

sample, although the crystallization temperature had not been
decreased. Table 4 shows the activation energies reported for
other compositions. We note that the activation energies are
diverse with respect to the system and composition.

3.4. Crystallinity

To measure crystallinity, we used X-ray diffraction scat-
tering method. We crystallized the samples at 876 °C and
900 °C for 30 min, 60 min, 120 min, and 240 min, respectively.
By assuming that a 240-min heat-treated sample at 900 °C is
completely crystallized and the mother glass sample is com-
pletely amorphous, we calculated the crystallinity using the
following equation:

I
Crystallinity (%) = ]g _]x x 100 )
g ‘e

where [, is the intensity of glass, I is the intensity of the sam-
ple, and L. is the intensity of crystallites.

The measurement of degree of crystallization was made
for TiO, 8.50 wt% sample. Table 5 shows the results of this
experiment, and Fig. 9 shows the crystallinity with respect
to time. The lowest amorphous value occurred in the 900 °C,

Crystallity (%)

1 . L R L . ! R ! .
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Time (min)

Fig. 9. Change in degree of crystallization with different heat treat-
ment time and temperature for TI8.50.

240-min heat-treated sample, so we set it as having been
100% crystallized, the I.. 900 °C heat-treated samples show
lower intensity than the 876 °C heat-treated samples, even
though the treatment time is much longer. At both tempera-
tures, the differences between 120 min and 240 min is not
large. Based on these data, we can conclude that tempera-
ture is the primary factor in the crystallization, while the time is
only a minor factor in our experimental condition.

4. CONCLUSION

We added Cr,0;, and TiO: to the SiO»-Al,0;-CaO-MgO
system as nucleating agents, and evaluated the effect on nucle-
ation and crystallization by DSC and amorphous scattering
measurement. We found addition of Cr,O; to increase the
crystallization temperature, while addition of TiO, decreased it.
In particular, there was a bigger difference in crystallization
temperature between the TI8.50 and T17.63 samples than
between other compositions. We have made nucleation heat
treatment near the glass transition temperature to check the
effect of nucleation heat treatment. However, the effect was
not recognized for the samples with Cr,O; or TiO, added
samples. The activation energy were measured for the non-
nucleated-glass, CR0.84, and TI8.50 samples by the Kissinger
method. The activation energies were measured to be 411.44 kJ/
mol, 319.59 kJ/mol, and 403.13 kJ/mol in the non-nucleated
glass, CR0.84, and TI8.50 samples, respectively. It is found that
Cr,O3 addition may decrease the activation energy of crys-
tallization. We measured the degree of crystallization by the
amorphous scattering method for different times and tempera-
tures. At a high temperature, the glass-ceramic shows high
crystallinity despite the shorter heat treatment time than at
the lower temperature, which means that temperature is the
key factor determining the degree of crystallization.
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