J Therm Anal Calorim (2011) 106:343-346
DOI 10.1007/s10973-011-1646-y

Study of the crystallization of leucite in feldspar glass matrix
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Abstract Feldspathic glass—ceramics reinforced with
leucite are usually used in dental prosthesis. This study
focused on leucite crystallization kinetics due to its
importance to the end product of a dental crown process-
ing. Leucite grains were nucleated and grown from feld-
spathic glass frit powders with particle size smaller than
45 pm. The nucleation and crystallization kinetics of leu-
cite crystals in the glass matrix was investigated under
isothermal and non-isothermal conditions through differ-
ential thermal analysis. The samples were also character-
ized by X-ray diffraction and scanning electron
microscopy. The temperature of maximum nucleation rate
was determined from the DTA curves of samples heat
treated at different temperatures. The activation energy
(E) of leucite crystallization was determined by the
Kissinger method and the Avrami parameter (n) indicated
that surface crystallization is the dominant mechanism in
the glass.
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Introduction

Glass—ceramics are polycrystalline materials usually
produced by melting, solidification, and controlled
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crystallization of a glass. They have several relevant
properties: high hardness, abrasion resistance, thermal
shock resistance, high chemical stability and low ther-
mal and electrical conductivities. Nowadays glass—
ceramics are an attractive option for dental restorations,
providing optical properties similar to those of natural
teeth.

The transformation of glass into glass—ceramics occurs
through an appropriate heat treatment where crystals are
nucleated and grown in a glass matrix possessing out-
standing properties and applicability [1, 2]. In this regard,
several studies of crystallization have been performed
using data of thermal analysis, as DTA obtained through
isothermal and non-isothermal methods [3].

A high quality glass—ceramic requires a microstructure
made up of small grains homogeneously dispersed in the
glass matrix, a feature found in many silicate systems
when they are subjected to a controlled cooling rate
[2, 4].

Leucite (K;0-Al,05-4Si0,), a potassium aluminum-sil-
icate mineral, has been commonly used as a reinforcing
phase in feldspathic porcelains for dental prosthesis. This
mineral has a high coefficient of thermal expansion (CTE)
exhibiting a polymorphic phase transformation from cubic
to tetragonal. The significant thermal expansion that exists
between the tetragonal leucite crystals (22.3-25 x
107° °C71) and the glass matrix (8.6 x 107 °C71) pro-
vides tangential compressive stresses around the crystals,
which are responsible for its increased toughness [5] and
machinability [6]. From Cattell et al. [5], the volumetric
fraction of tetragonal leucite in dental porcelains varies in
the range 17-45%.

This study aimed at determining the temperature of
maximum nucleation rate and the kinetic parameters of
leucite crystallization.
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Experimental

Leucite grains were nucleated and grown from feldspathic
glass frit powders which were produced by melting a mix-
ture composed by (in wt%) 77.82% Brazilian Armil feld-
spar, 2.62% Al,03, 7.77% Nay03, 8.65% K,CO;, 2.49%
borax, and 0.64% CeO,. The chemical composition of the
Armil feldspar was (in wt%) 66.0% SiO,, 20.0% Al,Os,
5.5% K;0, 5.9% Na,O, 0.26% CaO, 0.34% P,0s, 0.07%
Rb,0, and 0.11% NiO. The melting of this mixture was
carried out in a muffle furnace at 1200 °C for 3 h inside an
alumina crucible, followed by iced-water quenching and
grinding to achieve particle size below 45 pm.

Samples of glass frit (9 mg in an alumina pan) were submitted
to heat treatments in an apparatus of differential thermal analysis
(Shimadzu DTA-50) under air flow. In the case of isothermal
treatment the heating rate was 10 °C min~" with a dwell time of
30 min in the nucleation temperatures (200, 250, 300, 350, and
400 °C) followed by heating up to 1100 °C at the same heating
rate. In non-isothermal treatment four different heating rates
(B = 2.5, 5.0, 10, and 20 °C min~") were used to reach tem-
peratures up to 1100 °C.

The resulting sinters were submitted to XRD (Shimadzu
XRD-6000), using CuKo radiation (30 kV, 30 mA), the 20
range was 5-80°. SEM images were obtained by using a Jeol
6460 LV microscope operated at 20 kV with the samples pre-
viously coated with gold in an Emitch K550 sputtering unit.

The morphology of leucite crystals was characterized by
SEM, after polishing with alumina and further etching with
0.1% fluoridric acid aqueous solution for 50 s followed by
water rinsing. Representative SEM micrographs were
analyzed by quantitative ceramography using an image
analysis software (Image-Pro Plus 4.0).

Results and discussion

Determination of the maximum nucleation rate

Figure la shows the X-ray diffraction pattern of the glass
frit powder, confirming its amorphous nature. Figure 1b

shows the X-ray diffraction of the same frit after heat
treatment for the nucleation of leucite at different tem-
peratures followed by its crystallization up to 1100 °C at
the same heating rate. Heating the samples up to 1100 °C is
usually the thermal treatment employed to get the desired
densification of the glass powder compact, so it provides
due to information about the microstructure of the glass—
ceramics under practical processing conditions.

The experimental method used to determine the maxi-
mum nucleation rate from the glass phase was that sug-
gested by Ray and Day [7], the height of the crystallization
peak achieved from DTA (67)p, being proportional to the
nuclei concentration in the glass matrix. Figure 2 shows the
height of crystallization peak for different nucleation
temperatures. The maximum nucleation rate of the glass
was obtained around 250 °C.

Itis well-known that high content of leucite crystals inside
the glass matrix improves the mechanical properties of
glass—ceramics [8]; so it is interesting to define the temper-
ature for the maximum nucleation rate for a glass—ceramic
possessing the desired microstructure as a result of con-
trolled nucleation and crystallization of leucite. If volumetric
nucleation dominates, the temperature of the maximum
nucleation is equal to or higher than the glass transition
temperature. If surface nucleation takes place, the tempera-
ture for the maximum nucleation rate is lower than the glass
transition temperature [9], as observed in this study.

Figure 3 shows the SEM microstructure of the glass frit
after heat treatment of nucleation of leucite crystals at
250 °C followed by heating to 1100 °C. It can be observed
that the leucite crystals are fairly homogeneous and rela-
tively well-dispersed in the glass matrix. The mean particle
size and volume fraction of leucite crystals for different
nucleation temperatures were determined by ceramogra-
phy, as shown in Table 1.

Determination of the kinetic parameters of leucite
crystallization under non-isothermal conditions

Figure 4 shows crystallization peaks of leucite recorded
from the DTA curve at different heating rates as a function
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Fig. 4 Normalized DTA curves for different heating rates

Table 2 Peak temperatures of the normalized DTA curves for the
different heating rates

Fig. 3 SEM image of leucite crystals

Table 1 Mean particle size and volume fraction of leucite crystals at
different nucleation temperatures followed by heating to 1100 °C

Nucleation Mean particle Volume

temperature/ °C size/pm fraction/%
200 22407 254 4+ 0.2
250 2.1+07 345 £ 0.2
300 24 +£0.7 294 £ 0.5
350 24 +0.8 292 +£0.3
400 25+07 284 £ 0.5

of temperature. Those graphs were normalized in order to
obtain a better definition of the crystallization peak tem-
peratures and the width of the crystallization peak at half
maximum. Table 2 shows the peak temperatures for the
different heating rates. Those peaks were used to calculate
the activation energy of leucite crystallization by the Kis-
singer equation [10-15]:

L) =2 (1
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where f is the heating rate, E is the activation energy, R is the
gas constant, T}, is the exothermic peak temperature, and Cis
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Fig. 5 Kissinger plot from the normalized DTA curves. The slope is
the activation energy of the process

a constant. The activation energy (E = 333 £ 57 kJ mol™ ")
was determined from the slope of the plot of In(f/T,) vs. 1/T},
shown in Fig. 5. The magnitude of the activation energies
obtained in this study is in agreement with those reported in
literature [4, 16].

Figure 6 shows the microstructure of the glass frit heat
treated at 10 °C min~' up to 1100 °C, where the fairly
rounded homogeneous leucite crystals are well-dispersed in
the glass phase. The mean particle size of leucite crystals
and its volume fraction were, respectively, (2.0 = 0.7) pm
and (20.7 £ 0.2)%.
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Fig. 6 SEM image of leucite crystals heat treated at rate of
10 °C min~" up to 1100 °C

The Avrami parameter (n), related to the dominant
crystallization mechanism, was determined by using the
following equation [7, 10, 17, 18]:

25 T,

AT (E/R)

(2)

where T}, is the exothermic peak temperature, AT is the
width of the crystallization peak at half maximum, E is the
activation energy, and R is the gas constant. The Avrami
parameter (n) near 1 indicates surface crystallization while
near 3 denotes volumetric crystallization [7]. In this study,
the Avrami parameter was equal to 0.4 indicating that the
surface crystallization of leucite is dominant mechanism.
The parameter n obtained in this study was similar to that
obtained by Tosic et al. [4, 16] for particle size of the glass
frit between 38 and 45 um.

Conclusions

X-ray diffraction patterns confirmed that the feldspathic
glass powder prepared by quenching its melt inside iced-
water is effectively an amorphous material. It was also
evidenced that leucite was the only crystalline phase present
in the glass matrix after crystallization heat-treatment.

The temperature of maximum nucleation rate of leucite
crystals was around 250 °C.

The volume fraction of leucite crystals remained in the
range between 17 and 45%, which is an indication that the
glass—ceramic is suitable for dental ceramics application.

The activation energy of leucite crystallization was
(333 £ 57) kI mol™!, similar to other leucite glasses
reported in the literature. The Avrami Parameter (n = 0.4)
indicated that surface crystallization is the dominant
mechanism in the glass matrix.
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