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Single phase a-cordierite with low sintering temperature was produced from 2.8MgO0-1.5Al,03-5Si0;
chemical formulation using mainly talc and kaolin. The effect of melting temperature to the densification,
crystallization and properties of a-cordierite glass—ceramic was investigated. XRD patterns indicate that,
melting at 1350, 1385 and 1400°C are not sufficient to completely transform the crystalline mixture of

compound to fully amorphous phase. DTA peaks demonstrate that the crystallinity of phase, the onset of
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crystallization temperature, increased as the melting temperature raise. Similar observation trends can
be seen from their micrographs, density, dielectric and CTE measurements. Temperature of melting has
significantly affected the properties of glass-ceramic.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

a-Cordierite is commonly synthesized using solid state reac-
tion, glass method and sol-gel route. Highly crystalline a-cordierite
phase is normally obtained from solid state [1-10] and sol-gel
methods [11-18] after sintering above 1000 °C, and below 1000°C
through the glass route [19-28]. However, a-cordierite phase
synthesized through the glass route requires the mixture of the
compound to be fired above its melting temperature prior to being
quenched, pulverized, compacted and sintered. Highly crystalline
a-cordierite at low sintering temperatures is essential for multi-
layer substrates in electronic packaging applications. A majority
of researchers following the glass route melted their raw materials
above 1500°C[22,23,25,28-30] to ensure that the compounds were
completely transformed into glassy phase. None of the reported
studies looked at the effect of temperatures of melting on the qual-
ity of synthesized a-cordierite. The reasons for searching for lower
melting temperatures would firstly be to reduce energy consump-
tion, thus using low melting furnace and crucibles; and secondly,
to minimize the evaporation of certain compounds during melting,
such as the fluxing materials. Therefore, any related costs for the
production of a-cordierite glass-ceramics can be reduced signif-
icantly. For these reasons, the objective of this paper is to study
the effect of melting temperatures (from 1350 °C to 1500 °C) on the
crystallization and densification of single phase a-cordierite, with
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formulation 2.8MgO0-1.5Al,03-5Si0, synthesized from mainly talc
and kaolin.

2. Experimental procedure

2.8Mg0-1.5A1,05-5Si0, glass—ceramics was synthesized using kaolin (Kaolin
Industry, Tapah Perak, Malaysia) and talc (Ipoh Ceramic, Sdn Bhd, Ipoh Malaysia).
Silica (Ipoh Ceramic, Sdn Bhd. Ipoh, Malaysia), alumina (Metco, Westbury, USA) and
magnesia (Merck, Whitehouse Station, NJ) were added to compensate the formu-
lations of the compositions. The elemental compositions of talc and kaolin were
determined by X-ray florescence spectroscopy (Rigaku X-ray spectrometer model
RIX 3000) and the details are given in Table 1. Table 2 summarized the detailed
compositions of the initial raw materials in weight percent. The homogeneous mix-
ture of compounds was melted at different temperatures (1350°C, 1385°C, 1400°C,
1425°C, and 1500°C) in alumina crucibles (Table 3). After 4h of soaking at the
respective temperatures, the samples were immediately quenched in distilled water
to form frits, followed by drying to remove moisture. All frits were milled using the
same milling parameters to obtain glass powders with average particle sizes in the
range of 1-3 wm. The fine glass powders were subjected to XRD and nonisothermal
DTA analysis. The glass powders were also pressed and sintered at 900°C for 2h
with 5°C/min heating rate. XRD of the sintered pellets was carried out to deter-
mine the evolution of the glassy phase to crystalline state. The XRD patterns of the
glass and sintered products were obtained using a Bruker D8 Advanced operated in
Bragg-Brentano geometry, with Cu Ka radiation, in the 10° < 26° < 90° range. Count-
ing time was fixed at 71.5 s for each 0.03° 26 step. The X-ray tube was operated at
40kV and 30 mA. Quantitative phase analysis was measured by Rietveld method
using HighScorePlus software. Crystal structure data for each phases present in
the samples were taken from ICSD. Global optimized parameters were background
coefficient (Chebychev polynomial functions with five orders of the series), lattice
parameter, zero-shift error, scale factor, and peak shape parameters. The refinement
was done in stages, with the atomic coordination and thermal parameters held fixed.
Therefore, Bragg reflection profile (calculated pattern) was calculated by convolu-
tion of mathematical functions of these parameters. DTA (Model Linseis) of each
glass powder was carried out from room temperature up to 1000 °C with 5°C/min.
CTE test was carried out using high temperature vertical dilatometer tests (Model
Linseis) in air from room temperature to 1000 °C, while the dielectric measurements
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Table 1
Elemental analysis of minerals and oxides compound by XRF.
Kaolin (wt%)  Talc (wt%) SiO; (wt%) Al,03 (wt%) MgO (wt%)
MgO 0.88 49 - - 99
Si0o, 59 47 99.5 0.2 -
Al,O3 35 0.16 0.04 99.46 -
K,0 3 - - - -
Ca0 0.014 3 - 0.075 0.13
TiO, 0.84 - - - -
Fe,03 0.6 0.45 0.04 0.15 0.0036
Cl’203 0.032 - - - -
NiO 0.014 0.028 - 0.022 -
P,05 0.073 0.095 - - -
Zr0; 0.05 - - - -
SO3 - 0.06 - - 0.07
Cuo - 0.016 - 0.014 -
Table 2
Weight percent of initial precursors.
Talc Kaolinite MgO Al,03 Si0;
31 65 3.5845 4.6514 0.904
Table 3

Quantitative analysis of glass powder samples melted at different temperatures.

Melting temperature (°C) Phases Quantity (wt%)

1500 Amorphous 100

1425 Amorphous 100

1400 Amorphous 98.40
a-Cordierite 1.60

1385 Amorphous 91.80
a-Cordierite 8.90

1350 Amorphous 84.60
a-Cordierite 14.18
Spinel 222

were made using an Impedance Analyzer (Hewlet Packard model HP4291). Density
and porosity of samples were measured using the Archimedes principle.

3. Results and discussions

The XRD patterns of glass powders melted are shown in Fig. 1.
XRD patterns confirm that all powders contain an amorphous struc-
ture. Samples melted at 1425°C and 1500°C are fully amorphous
while other samples have a significant amount of crystalline phase,
as tabulated in Table 4. Measurement of amorphous content indi-
cates that the percentage of the amorphous phase increased with
the increase of melting temperature. Any molten substance will
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Fig. 1. Diffraction pattern of 2.8Mg0-1.5A1,03-5Si0, composition melted at differ-
ent melting temperature.

Table 4
Results of Rietveld refinement on 2.8Mg0-2Al,03-5Si0; sintered samples melted at
different temperature.

Sample  Phases Quantity Crystallite Rwp s
(wt%) size (nm)
1500 a-Cordierite (P6/mcc) 100 227.7 10.89 2.7
1425 o-Cordierite (P6/mcc) 99.7 67.9 11.84 3.21
Silicon oxide/quartz 0.3
(P3121)
1400 a-Cordierite (P6/mcc) 99.2 69.0 1099 252
Silicon oxide/quartz 0.8
(P3121)
1385 a-Cordierite (P6/mcc) 92 64.5 11.85 2.96
Silicon oxide/quartz 6.1
(P3121)
Spinel (Fd—3m) 1.9
1350 a-Cordierite (P6/mcc) 88.6 51.8 11.97 3.07
Silicon oxide/quartz 6.9
(P3121)
Spinel (Fd—3m) 45

form a glass if it was cooled fast enough. Therefore, melting at a
much lower temperature requires the molten glass to be cooled
at a sufficiently high rate to avoid a significant degree of crystal-
lization so that the ‘disordered’ atomic configuration of the liquid
stateis frozen-in, thus avoiding the formation and growth of crystal
embryos.

During heating the mixture of cordierite precursor powders up
to 1250°C, phase transformation will occurs to form a-cordierite
phase by solid state reaction. However, the bonding between
atoms in a-cordierite structure became weaker as the temperature
increases to its melting temperature. At much higher temperature
above its melting temperature, some of a-cordierite chain would
broke up. Heating the forms of a-cordierite phase exactly to its
melting temperature at or just above the softening temperature will
cause some of the atoms to remain intact even though the length
between the atoms increased. Therefore, melting at and just above
melting point will cause some of the atoms to easily revert to the
crystalline state, and thus some crystalline phase was observed in
the diffraction pattern of the glass powders.

Fig. 2 shows the XRD patterns for samples after heat treatment
at 900°C for 2 h. The plots are divided into three two 26° ranges for
better observation of the progressive changes of a-cordierite peaks.
The dominant crystalline phase for all samples is a-cordierite. Only
samples melted at 1500 °C contain single phase a-cordierite. How-
ever, samples melted at 1350, 1385 and 1400°C contain small
amounts of spinel and quartz phases.

Quantitative phase analysis of sintered samples was carried
out using the Rietveld method and the results are tabulated in
Table 2. The convergence was achieved and perfect agreement was
observed between measured and calculated patterns for all sam-
ples. Fig. 3 demonstrates total weight percent of a-cordierite as a
function of melting temperature. The Rietveld results were normal-
ized to 100% of crystalline fraction, so the hypothetical amorphous
content of the sample were assumed to be negligible. High purity
and single phase a-cordierite were obtained in samples melted at
1425 and 1500°C. At 1350, 1385 and 1400°C, small amounts of
spinel and quartz were presents in the samples.

Crystallization of amorphous phase was studied using DTA for
all samples melted at different temperatures. Fig. 4 shows DTA
results of glass under a nonisothermal heat treatment at a con-
stant heating rate of 5 °C/min. Only one exothermic crystallization
peak was observed in DTA scans for all samples melted at differ-
ent temperature. A summary of onset (T), peak (Tp), and end (T¢)
of crystallization temperatures for all compositions are tabulated
in Table 5. As shown in Fig. 4, the exothermic peak weakened as
the melting temperature decreased. The area under the exother-
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Fig. 2. X-ray diffraction pattern for sintered samples melted at different melting temperature.
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Fig. 3. Weight percent of a-cordierite from total crystalline phase.

Fig. 4. DTA curves of sample melted at different temperature.



Table 5

Crystallization temperature of samples 2.8MgO-1.5A1,03-55i0, glass—ceramic
melted at different temperature.
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Melting temperature (°C) To (°C) T, (°C) T¢ (°C)
1500 889.6 907.4 920.3
1425 854.8 882.6 899.4
1400 812.9 838.9 866.6
1385 806.3 831.4 862.2
1350 823.7 855.9 872.5
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Fig. 5. Area under exothermic peaks for samples melted at different temperature.

mic peak in the DTA curve also indicates the degree of crystallinity.
This area was approximated by integrating the baseline at onset and
termination of the exothermic to form a triangle. The area under
exothermic peak determine the degree of crystallinity, and the
trend of crystallinity obtained from DTA analysis, as demonstrated
in Fig. 5.

A low dielectric constant is one of the required properties for
substrates used in high-speed signals in order to propagate with
a shorter delay. Literature reports that the dielectric constant of
a-cordierite is 5-6 at 1 MHz [31]. Fig. 6 demonstrates variation of
dielectric constant as a function of frequency for samples melted at
different temperatures. Dielectric constants were found to decrease
with increase in frequency, from 1 MHz to 1.8 GHz, for all samples
melted at different temperatures. The slight increase in the dielec-
tric constant ata higher frequency peaking near 1.7 GHz is likely due
to dipolar polarization [32]. It is clearly seen in Fig. 7 that there are
two distinct groups of dielectric constant values. Samples melted
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Fig. 6. Dielectric constant of all samples as a function of frequency (1 MHz to
1.8 GHz).
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Fig. 8. Dielectric loss of samples melted at different temperature as a function of
frequency.

at 1425 and 1500 °C have higher dielectric constants with an aver-
age 5.5 which is within the standard. However, samples melted
at and below 1400°C possess lower dielectric constants with an
average of 3.5. Dielectric constant is dependent on crystallite size,
density and porosity [32]. Lower dielectric constant for samples
melted at 1350, 1385 and 1400°C can be explained by the fact
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Fig. 9. Effect of temperature of melting to dielectric loss of 2.8Mg0-1.5Al,03-5Si0,
glass ceramic.
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Fig. 11. Percent of porosity in samples melted at different melting temperature.

that the porosity in these samples are higher than the two samples
melted at higher melting temperatures. Porosity will significantly
affect the dielectric constant. The lower the porosity, the higher the
dielectric constant will be. Although by using materials with low
dielectric constant, can reduced the delay time can be reduced and
thus, increase signal propagation through interconnections which
are required in high speed applications, however, the porosity per-
centage which exist in the sample has to be considered since it will
significantly affect the physical properties and can cause current
leakage.

Fig. 8 presents variation of dielectric loss as a function of
frequency. The dielectric loss values for all samples are within
1-1.5 x 102 throughout the frequency range. The dielectric loss
was found to slightly increase with the increase in temperature
of melting, as demonstrated in Fig. 9. The dielectric loss value did
not decrease with porosity content, as reported in few literatures
[33-35]. Poor densification normally will cause in low dielectric
constant and high loss factor. This is in contrast to the results
obtained in present study that samples melted at higher temper-
ature which have better densification give low dielectric loss. The
trend of dielectric loss of samples as a function of frequency is seems
similar to the total amount of amorphous phase that existed in the
glass powder samples (Table 3) before heat treated. The impuri-
ties that was existed from the initial raw materials was expected
to concentrate in the matrix of amorphous glass rather than inter-
stitial inside the crystalline phase that remain in the glass powder
samples. During heat treatment or crystallization of the amorphous
glass phase, these impurities tend to concentrated in the grain
boundaries thus, an increase in polarization will results in high
dielectric loss [36].

As demonstrated in Fig. 10, samples that were melted at 1425
and 1500°C have higher density as compared to samples melted
at 1350, 1385 and 1400°C. This is because samples melted at
lower temperatures have higher percentage of porosity, as shown
in Fig. 11. This was proved from microstructure analysis on frac-
ture surface, as demonstrated in Fig. 12. Micrograph of samples also
indicates that samples melted at lower temperature are partly den-
sified and contain higher porosity as compared to samples melted
at 1425 and 1500 °C. Glass powders melted at low melting temper-
atures contain mixtures of amorphous and polycrystalline phase.
Polycrystalline materials are usually sintered by solid state diffu-
sion, while the glass powders are sintered by viscous flow [37].
Therefore, the sintering mechanism in samples melted at low tem-
peratures are expected to occurs by both mechanisms (solid state
diffusion and viscous flow), while sample melted at high temper-
ature by viscous flow. Therefore, atomic diffusion processes that
occured in sample melted at low temperature which contains the
mixture of amorphous and crystalline phase require much high
temperature to form bonds between particles. Several parameters
that determine the sinterability of these powders are diffusivi-
ties, surface and grain boundary energies, average particle size and
particle size distribution, particle morphology and green density.

Fig. 12. Microstructure of fracture sample melted at various melting temperature.



J. Banjuraizah et al. / Journal of Alloys and Compounds 509 (2011) 1874-1879 1879

Fig. 13. Appearance of glass and glass—ceramic of samples melted at different tem-
perature.

Therefore, in the partly crystalline powder, the diffusivities were
difficult to take place at low sintering temperatures, compared to
samples with fully amorphous phase. The scarcity of the diffusivi-
ties in the partly crystalline powders resulted in low densification.
Therefore, samples melted at low temperatures need a significant
amount of energy to overcome the lattice energy so thata cation can
diffuse into different sites. Samples melted at 1425 °C and 1500°C,
which are in the fully amorphous phase, undergo the viscous flow
sintering mechanism allowing them to densify at lower tempera-
tures.

4. Conclusions

The temperature for melting 2.8Mg0O-1.5Al,03-5Si0, will influ-
ence the characteristic of glass and glass-ceramic properties as
demonstrated in Fig. 13. It has been proved that nonstoichiomet-
ric cordierite composition synthesized from talc and kaolin could
be melted at temperature as low as 1425 °C without devitrifica-
tion. Melting the composition below this temperatures will result
in partly amorphous glass. The existence of small amount of crys-
talline phase in the matrix of amorphous glass powders will affect
the crystallinity of a-cordierite phase that was forms after heat
treatment, as well as the densification of the sintered samples.
These in turn affect the CTE and dielectric properties of samples.
Therefore, it was not suitable for multilayer substrates in high
frequency electronic packaging. However, samples melted at and
above 1425 °Cresults in dense structure with high purity and crys-
tallinity of a-cordierite phase at low sintering temperature. In
addition, it also possesses low CTE, and dielectric constant, which
are comparable to the standard a-cordierite properties synthesized
from pure oxides melted above 1500°C [25,38].
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