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Abstract

The effects of fluorine content on the nucleation and crystallization behavior of SiO,—Al,0s-CaO glass ceramics system have been
investigated. The crystalline phases were determined by X-ray diffraction (XRD). The crystallization kinetics was determined by
differential thermal analysis (DTA). The microstructures were examined by using scanning electron microscope (SEM). Fourier
transformed infrared spectra (FTIR) analysis was used to study the glass structure. The results showed that by increasing the fluorine
content, both the crystallization peak temperature (7},) and activation energy (E) decreased. Wollastonite, anorthite and gehlenite are
the main crystalline phases that exist in the glass ceramics system. The study shows that fluorine promoted initial crystallization of glass
and can be used as an effective nucleating agent in the SiO,—Al,03;—CaO system.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Glass ceramics materials are polycrystalline solids, pre-
pared by the controlled crystallization technique. Glass
ceramics are used for clinical purpose, but their low
toughness properties have limited their use to only non-
load bearing applications [1-3]. However, their properties
depend on the composition of phases and microstructure
developed during the manufacturing process. The basic
glassy components present in these materials are SiO,—
Al,0O3;—CaO and nucleating agents are required for proper
nucleation and crystallization. Literature review suggested
that the wide varieties of chemicals like, TiO,, CaF,, ZrO,,
P,0s, Cr;03, Fe,O5, V,05, MoOj3 can be used as nucleat-
ing agents. The use of TiO, as nucleating agent encouraged
the phase separation and also formation of many nucleat-
ing sites in LAS (LiO,-Al,03-Si0;) [4]. Barry et al. [5]
observed that the use of TiO, as nucleating agent
decreased the surface tension and increased the rate of
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nucleating in LAS. The use of ZrO, as nucleating agent
improved mechanical properties, particularly the fracture
toughness and wear resistance [6,7]. Liu and Chen [8]
reported that ZrO, did not induce bulk crystallization
process in K;O-MgO-Al,03-Si0, system. The addition of
P,Os5 as a nucleating agent in SiO,—LiO,—K>0O-ZnO-P,05
glass system promoted bulk nucleation and produced an
interlocking morphology with very fine grains [9]. Guedes
et al. [10] used TiO, and ZrO, as nucleating agents
and reported their effect on the crystalline phases, transi-
tion temperature and the texture of the LAS. Additions of
different nucleating agents like CaF,, LiF and TiO,
in Na,0-CaO-MgO-Al1,05-Si0, glass system were studied
by Salama et al. [11] and they concluded that the
fluorine facilitated the formation of aluminosilicates and
CaF, addition produced fine-grained microstructures as
compared to LiF. Guseva and Gulyukin [12] studied the
effects of different fluorine addition on the SiO,—CaO-
Al,O3 glass system and concluded that CaF, containing
samples possessed the densest crystalline structure. The
use of MgF, as a nucleating agent in LAS system
showed that the fluorine promoted initial crystallization

0272-8842/$36.00 © 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2012.06.066


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.06.066
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2012.06.066
dx.doi.org/10.1016/j.ceramint.2012.06.066
dx.doi.org/10.1016/j.ceramint.2012.06.066
mailto:drsudipkdas@vsnl.net

572 D.P. Mukherjee, S.K. Das | Ceramics International 39 (2013) 571-578

and diffusion in the glass system [13]. Combined effects of
different nucleating agents like Cr,O3, Fe>O5; and TiO, on
the cryatallization behavior of SiO,—Al,O;—CaO-MgO
glass system were reported by Rezvani et al. [14]. Li-ping
and Hanining [15] reported the use of P,Os5 as a nucleating
agent in SiO>,—Al,O3;-ZrO, glass system and showed that
the main crystalline phases were spinel, anorthite and
tetragonal zirconia and the binding strength of the crystals
were found to be 120 MPa. The effects of different
nucleating agents (TiO,, Cr,O3; and ZrO,) on the glass
system LiO,—Al,03-Si0O, were reported by Al-Harbi [16].
They observed that the use of TiO, and Cr,Oz a near
homogeneous glass ceramic was obtained whereas ZrO,
produced rod like and round crystals of ceramised glass.
They also observed that the coefficient of thermal expan-
sion depended on the type of nucleating agents used. The
present paper deals with the effects of CaF, as nucleating
agent in the Si0,—Al,05—CaO glass system with respect to
their crystalline behavior and properties.

2. Experimental
2.1. Materials and methods

Raw materials used were analytical grade calcium
carbonate (CaCQOs;), alumina (Al,O3), silica (Si0,), and
calcium fluoride (CaF,). All the raw materials were
supplied by M/S Merck Specialties Private Limited, India.
The ceramised glass samples were prepared by the melt
quench technique. Table 1 shows the chemical composition
of the different glass batches. In the glass batch the
chemicals were weighed by using electronic balance and
then mixed in a pestle mortal. The mixed powder samples
were placed in recrystallized alumina crucible and melted
in an electrically heated furnace. The powdered samples
were initially kept at 800 °C for 1 h. for calcination and
also for release of water from the starting materials and
then reheated to 1450 °C and kept at this temperature for
1 h to form a homogeneous mixture. Molten glasses were
then poured into cold water to obtain glass frits. The glass
frits were dried and milled to different grain sizes for
further study.

The glass powders were mixed with 0.2 wt% carboxy
methyl cellulose as a binder and pressed by using a
laboratory uniaxial hydraulic press at a pressure of
60 MPa to obtained 50 x 5x4mm’® bars and 10 mm
diameter pellets. The bars and pellets were then heat treated
at a rate of 5 °C/min at temperatures from 800 °C to 1200 °C

Table 1
Chemical composition of raw materials (g).

Batches CaCO; Al,O4 SiO, CaF,
BFI 24 43 33 12
BFII 24 43 33 9
BFIII 24 43 33 6

and soaked for 1 h at the maximum temperature followed by
natural cooling to room temperature.

2.2. Characterization techniques

2.2.1. Differential thermal analysis (DTA)

The thermal behavior of the glass batches were mon-
itored by differential thermal analyzer (Pyris Diamond
TG/DTA, PerkinElmer, Singapore) in nitrogen atmo-
sphere (150 ml/min) at constant heating rate with o-
Al,O3 powder as reference material. The glass frits were
crushed and sieved through a 325 mesh (<45um) to
obtain glass powder for thermal analysis. 20 mg of glass
samples were taken in platinum crucible and heated at the
rate of 5, 10, 15 and 20 °C/min. to study the kinetics of
crystallization and also to calculate the activation energy
using the Kissinger equation and Avrami parameter using
Augis—Bennett equation.

2.2.2. Fourier transformed infrared spectra (FTIR)

The FTIR analysis (Fourier transform infrared absorp-
tion spectra) of the crystallized glass batches were carried
out in the range 4000-400 cm ~ ' using a Fourier transform
infrared spectrometer (Alpha FTIR, Bruker, Germany).
The crystallized glass-ceramics batches were ground to fine
powder, and then mixed with powdered KBr as binder, to
prepare homogeneous discs for FTIR studies.

2.2.3. X-ray power diffraction (XRD)

XRD analysis was used to identify the crystalline phases
present in the crystallized glass batches. The analysis was
carried out in Philips powder diffractometer (PANalytical
PW3040/60, The Netherlands) using Ni filtered CuKa X-
rays with a scanning speed of 1°/min. The XRD pattern
was recorded within Bragg angle from 5° to 80° 26 range.
The obtained phases were identified by JCPDS numbers
(ICDD-PDF?2 data base).

2.2.4. Scanning electron microscopy (SEM)

The SEM (FEI-QUANTA-200) analysis was used to
identify the microstructure of the crystallized glass batches.
Prior to SEM analysis, glass surfaces were first polished and
then chemically etched using 10% HF solution for 15-20s
and then rinsed with water and sonicated to remove any
debris.

2.2.5. Density and chemical resistance

The densities of ceramised glasses were measured via
Archimedes’s method. The chemical resistance was esti-
mated by immersing the rectangular glass ceramic speci-
mens in 50 ml of 1 vol% H,SO, solution and reheated at
100 °C for 1 hr.
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3. Results and discussion
3.1. DTA analysis results

The DTA curves of the glass specimens are presented in
Fig. 1. Table 2 shows the glass transition temperature, T,
and crystallization peak temperature, 7,. As the fluorine
content increased crystallization peak temperature
decreased, which is due to the decrease in the melt viscosity
and formation of crystalline phases like wollastonite,
anorthite and gehlenite [17]. Fluorine facilitates the crystal-
lization process formed through weakened structural glass
bonds and hence viscosity decreased [11,13,18]. The F~ ions
remained in the dissolved state in the residual glass phase

BFI

Exo

Endo

and it does not contribute in the crystalline phase formation.
The kinetics of glass crystallization can be described from
the Johnson-Mehl-Avrami (JMA) equation [19,20].

x = l—exp[—(kt)"] (1)

where x is the volume fraction, k is the reaction rate constant
and n is the Avrami exponent. The activation energy (E) of
the crystallization was obtained from the relationship
between the heating rate and the maximum (7)) in the
exothermic peak in the DTA curve. The non-isothermal
crystallization kinetics of glass batches can be described by
the Kissinger expression [21,22] as

Ly 1 2
HF—R—T})‘FHE ()

In the above equation T), is the crystallization peak
temperature of the DTA curve f is the heating rate, R is
the gas constant, and v is the pre-exponential factor.
Table 3 showed the T, values of the three batches at
different heating rates. Fig. 2 shows the variation of In (Tﬁ/
p) vs. 1/T), is a linear in nature with the intercepts In (E£/Rv)
and slopes E/R. The values of the E, v and n are shown in
Table 4. From the value of activation energy E,
the Avrami parameter (n) can be calculated by using the

BFI
13.0
Symbol Batch No|
v BFI
125 x  BFIl
BFII & BFIl
\ 12.0
=
T T T T T T T T T T T_D- 11 5
100 200 300 400 500 600 700 800 900 1000 =
Temperature
Fig. 1. DTA curves of the different batches at a heating rate at 10 °C/min. 1.0 -
Table 2 10.5
Glass transition (7,) and crystallization peak temperature (7),).
Batches Tq (OC) T[I (OC) 10.0 L | L | L |
BFI 523 85 0.0010 0.0011 0.3312 0.0013 0.0014
BFII 591 867 p
BFIII 698 893 . . .
Fig. 2. Variation of ln(Tf,/ﬁ) vs. 1/T,, for different glass batches.
Table 3
Crystallization peak temperature (7},) from DTA results.
Heating rate
Batch 5(Kmin~") °C 10 (K min~") °C 15 (Kmin~") °C 20 (K min~") °C
BF1 807 825 833 841
BFII 847 867 875 883
BFIII 872 893 901 909
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Activation energy, pre-exponential factor and Avrami parameters values
of the samples.

Batch Activation Pre-exponential Avrami
energy E kJ/mol factor v min ™! parameters (1)

BFI 218.78 2.87 x 10" 3.23

BFII 218.94 5.89 x 10'2 3.75

BFIII 232.82 1.58 x 10"? 3.96

Table 5

Avrami parameters (n) for different crystallization mechanism.

Mechanism-bulk nucleation Avrami parameters (1)

Surface crystallization 1
One-dimensional crystal growth 2
Two-dimensional crystal growth 3
Three-dimensional crystal growth 4

BFIII

BFII

Transmittance [%]

BFI

3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Fig. 3. FTIR spectra of glass batches before heat treatment.

Augis—Bennett equation [23].

2.5 RT; 3

"= SOATE ®)
where, AT is the full width of the exothermic peak at the half
maximum intensity from DTA crystallization peak. The value
of the Avrami parameter (n) is related to the crystallization
mechanism. Table 5 shows the Avrami parameter, n, and its
significance in the mechanism of nucleation and crystal
growth [24-26]. In the present case the crystal growths are
three dimensional homogeneous in nature.

3.2. FTIR analysis results

Figs. 3 and 4 illustrate the FTIR spectra of the sample of
glass and heat treated glass samples for all batches.
The peak was observed at 3424 cm ™' which may be due

BFIII
BFII
BFI

3500 3000 2500 2000 1500 1000 500
Wavenumber cm-!

Transmittance [%]

Fig. 4. FTIR spectra of glass batches after heat treatment at 1200 °C for
1 h soaked.

w W-Wollastonite
A-Anorthite
G-Ghelenite

1200°C

Intensity

Position (°2 Theta)

Fig. 5. X-ray diffraction patterns of the batch BFI after heat treated at
different temperature.

to the O—H stretching of the surface water and the peak at
1638cm ™' may be due to the vibration of O-H bond
or due to the bending of the surface O—H group. Similar
observations are reported in the literature [27]. Calcium ions
and aluminum Si-O bonds form the bands in
the 850 cm ! to 1200 cm ™! region. The low energy side of
this region is most likely due to Si(OAl/Ca); and Si(OAl/
Ca),. The band observed near 930 cm ™' is attributed to the
stretching vibration of the Si-O bond in the Si(OAl/Ca),
group. The Si(OAl/Ca), group is a silicon—oxygen tetrahe-
dral that has two corners shared with aluminum—oxygen or
calcium-oxygen polyhedral [28,29]. 1030-1080 cm ™' is
attributed to the vibration of the Si(OAl/Ca) group. The
vibration of this Si(OAl/Ca) group is the stretching vibration
of the silicon—oxygen bond of the SiO, tetrahedral with one
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W-Wollastonite
w A-Anorthite
G-Ghelenite
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Fig. 6. X-ray diffraction patterns of the glass batches after heat treatment
at 1200 °C for 1 h soaked.

Table 6
Crystalline phases identified by XRD analysis.

Sample Crystalline phases

BF1 CaSiO;, Ca (Al;Si05), 2Ca0.A1,05.510;
BFII CaSiO3, Ca (AleizOg), 2C8.0A1203S102
BFIII CaSiO;, Ca (Al;Si05), 2Ca0.A1,0;.510,
Table 7

Analysis of Lattice Deformation from XRD data.

Compositions  Standard Measured A(20) FWHM Deformation
Main phase 20 (deg) 20 (deg) (deg) (deg) (%)
BFI CaSiO; 31.47 31.32 0.15  0.162 0.26
27.98 27.90 0.08 0.194 0.16
29.34 29.29 0.05 0.129 0.09
BFII CaSiOs 31.47 31.08 0.39 0.129 0.69
27.98 27.97 0.01  0.129 0.02
29.34 29.11 0.23 0.162 0.43
BFIII CaSiO; 31.47 31.34 0.13  0.129 0.23
27.98 27.92 0.06  0.162 0.12
29.34 29.05 0.29  0.097 0.55

corner shared with an aluminum or calcium polyhedral [29].
The presence of wollastonite in the glass ceramics is
indicated by the spectra of 1060 cm ™", 560 cm ™' [30]. The
FT-IR peaks at (1030-1070 cm™') are assigned to the
asymmetric stretching vibration of the tetrahedral silicate
network. The absorption peak at 930 cm ~ ! is assigned to the
Si—O~ stretching vibration with non bridging oxygen. The
bands at (800-600 cm~') are assigned to the Si-O-Si

HV det mag
20.00 kV | ETD 4 000

det mag WD
VIETD|4 000 x|10.1 mm|1

——— 10 um

Fig. 7. (a)-(c) SEM micrograph for glass batches after heat treatment at
1200 °C for I h soaked (a) BFI, (b) BFII and (c) BFIII.

symmetric stretching vibration of tetrahedral bridging oxy-
gen [31]. The peaks at 650 cm ™' and 648 cm ™' are assigned
to the spectrum of the sample with the presence of CaF,
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Fig. 8. (a)-(c) EDAX spectrum for glass batches after heat treatment at 1200 °C for 1 h soaked (a) BFI, (b) BFII and (c) BFIII.
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components of wollastonite [30]. After heat treatment of the
sample, the peaks were observed at 716 cm ™~ ! and 650 cm ™',
and it might correspond to the bending vibration of Al-O
bonds, with Al jons in the four-fold coordination (AlOy).
The peak at wave number 560 cm ™' is due to the octahedral

AlQyg vibration [32,33].
3.3. XRD analysis results

Fig. 5 shows the X-ray diffraction patterns of the BFI
after heat treatment at 800-1200 °C after 1 h soaked. It
was found that at 800 °C of the BFI sample is fully
amorphous as the peaks are not visible clearly. After heat
treatment at 950 °C the results showed formation of
wollastonite, anorthite and gehlenite crystal phases.
Fig. 6 shows the XRD diagram of all the three batches,
BFI, BFII, and BFIII after heat treatment at 1200 °C for
1 h soaked. It is clear from the figure that as the heat
treatment temperature increased from 950 °C to 1200 °C
the peak intensity increased, which indicated better crystal-
lization. Table 6 shows that the main crystal phases are
wollastonite, anorthite and gehlenite which were precipi-
tated during the heat treatment process.

The lattice deformation has been analyzed for different
amounts of nucleating agent, i.e., CaF, addition using
full width at half maximum (FWHM) and the deviations
A(26) of the peak position for CaSiO; phase from the
XRD data and is calculated by using the following
equation [34]:

_ AQO)(¥e)
{¥0) = = tan(o)

where (W) is the deformation of the corresponding planes,
A(20) represents the deviations of peak position, and 0 is
the standard diffraction angle respectively. The deformation
of the lattice in different planes were calculated and shown in
Table 7. The full-widths of half maximum approximately
varied from 0.194° to 0.097°, which indicated that the sizes
of crystals in the glass ceramics for the samples, BFI to
BFIII, decreased slightly with increasing CaF, content. The
deviation range of peak positions for the corresponding
glass-ceramics varied from 0.05° to 0.15°, 0.01° to 0.39°,
0.06° to 0.29° for BFI, BFII and BFIII respectively. It
showed that the deformation came from the mismatch
between the coefficient of thermal expansion of the glass
and that of the crystalline phase, and a larger deformation
indicates that the crystals are subjected to a greater stress.

(4)

3.4. Scanning electron microscopy results

The microstructure of the glass batches prepared after
heat-treatment is shown in Fig. 7(a)—(c). Low temperature
heat treatment and higher fluorine containing glass sam-
ples showed needle like crystal structures distributed
around the glass surface and also surface cracks. Similar
results were reported by other researchers [17,35]. As CaF,
amount decreased and heat treatment temperature

Table 8

Physical and chemical properties of heat treated glass ceramics.
Properties BFI BFII BFIII
Density (gm/cm?) 297 3.03 3.07
Weight loss (%) 2.37 2.23 2.15

increased the inter-stars phases of wollastinite (Fig. 7(b))
grew and interlocked with each other. For BFIII glass
the chain like lines consisted of small white spheres
distributed around the glass was observed. Fig. 8(a)—(c)
shows the EDAX analysis. The highest peak belongs to Al
and Ca in the EDAX analysis, the wollastonite, anorthite
and gehlenite crystalline phases were present in all the
batches.

3.5. Physical and chemical properties

The density of all the three batches of glass ceramics
prepared are reported in Table 8. It is evident from the table
that as the amount of fluorine content increases the density
decreases but density increases with the increase in heat
treatment temperature. The decrease in density may be due
to the decomposition of wollastonite and also propagation
of surface cracks during the process of crystal growth as
observed in SEM. Table 8 shows the chemical resistance of
the fully heat treated glass ceramics, i.e., percentage of
weight loss in H,SOy, test. The results showed that as the
fluorine content increases the weight loss for H,SO, solution
increased and this loss is due to chemical reaction. The
whiteness of glass structure increases with increasing the F~
amount in the glass. The glass ceramics prepared is best
suited for floor tile application.

4. Conclusions

Glass ceramics were prepared from SiO,-Al,O3;—CaO
glass system using different amounts of CaF, as nucleating
agent and different heat treatment schedules. The addition of
CaF, into the glass system showed improvement in the
microstructure and crystallization properties. The glass
crystallization peak temperature (7)) shifted to lower tem-
peratures as the amount of fluorine increases. The FTIR and
XRD indicated that the main crystalline phases were
wollastonite, anorthite, gehlenite. The activation energies
and avrami parameters calculated from the Johnson-Mehl-
Avrami, Kissenger and Augis—Bennett equation for different
glass batches ( BFI, BFII and BFIII) were formed to be
218.78, 218.94, 232.82 kJ/mol and 3.23, 3.75, 3.96 respec-
tively. These results revealed that the crystals formed were
largely homogeneous and three dimensional in nature.
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