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a b s t r a c t

�-Cordierite glass-ceramic was produced through crystallization of glass compacts made of milled glass
frits. A comparative investigation between two different initial raw materials to synthesize �-cordierite
glass-ceramic using the same non-stoichiometric cordierite composition fabrication process was con-
ducted. The existence of impurities in minerals significantly affected phase transformation, densification
eywords:
-Cordierite glass-ceramic
ensification and crystallization

mpurities

and crystallization behavior of �-cordierite phase. Sintering and crystallization behavior was observed
by dilatometry test, non-isothermal DTA, and XRD, respectively. The existence of Fe2O3 in the minerals
has resulted in greenish glass frits, while CaO, K and other impurities act as modifying oxide in glass com-
positions, reducing the viscosity of the glass, and thus affect phase transformation of glass. Although the
dielectric loss of the sample from mineral precursors was slightly higher than the sample from reagent
grade oxides, other properties gained were comparable and not varies too much.
. Introduction

The replacement of raw materials from reagent grade oxides
o natural resources for product processing has been extensively
tudied over the years. Besides searching for better material char-
cteristics and properties by modification of chemical substitutes
nd processing parameters and methods, researchers in material
cience have focused on discovering cheaper substitutes for com-
on raw materials. �-Cordierite is a crystalline ceramic that can

e synthesized using various methods and raw materials. The dif-
culty of obtaining dense �-cordierite glass-ceramic with high
urity and crystallinity at low sintering temperatures (≤900 ◦C) has
een reported in the literature [1–4]. Recently, we have success-
ully produced high purity and dense �-cordierite phase at a low
emperature using mainly talc and kaolin as initial raw materials
hrough stoichiometric modification using minerals, crystallization
f glass method, and mechanical activation with high energy mill
5]. In the present study, the above composition was reproduced
sing the same raw materials (mainly talc and kaolin) while another
omposition was produced using high purity oxides (MgO, Al2O3,
nd SiO2). Although many studies on non-stoichiometric cordierite

sing reagent grade oxides as starting raw materials [1,2,6–11]
ave been conducted, the processing parameters used were differ-
nt and none of them used the exact same mole ratio as above. Even
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if the same compositions were used, the slightest difference in pro-
cessing steps and processing parameters will significantly change
the final properties of the bulk samples. For instance, the melt-
ing temperature and quenching rate will determine whether the
compound fully transforms into the amorphous phase or not. The
selections of melting temperature will affect the viscosity of molten
glass. The higher the melting temperature, the higher the viscos-
ity of the glass will be. Therefore, if the same quenching parameter
is used, different volume and different density of the glass would
be obtained. The silicate chain might be arranged in close or open
manner, and the bond length might varies depends on the vis-
cosity of glass before quenching. As a result, the quenched glass
with different degree of silicate chain arrangement would attain
different interfacial energy, thus cause variation in nucleation
rate.

Moreover, variation in the melting process may also result in
devitrification of the glass and consequently, the existence of small
amounts of the polycrystalline phase in the matrix of amorphous
glass powder will change the mechanism of sintering. At the same
time, selection of grinding media and grinding parameters in the
frit pulverization process yields different particle sizes, shapes, dis-
tribution, and also types of impurities in the samples. This will
consequently vary the type and phase content in the samples.
Therefore, it is important to fix and control the processing param-

eters in order to make a comparison between the two different
starting raw materials as well as to determine the effects of the
existence of impurities in the minerals to the properties of obtained
glass ceramic.

dx.doi.org/10.1016/j.jallcom.2011.04.129
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Elemental analysis minerals and reagent grade oxides compound by XRF.

Kaolin (wt%) Talc (wt%) SiO2 (wt%) Al2O3 (wt%) MgO (wt%)

MgO 0.88 49 – – 99
SiO2 59 47 99.5 0.2 –
Al2O3 35 0.16 0.04 99.46 –
K2O 3 – – – –
CaO 0.014 3 – 0.075 0.13
TiO2 0.84 – – – –
Fe2O3 0.6 0.45 0.04 0.15 0.0036
Cr2O3 0.032 – – – –
NiO 0.014 0.028 – 0.022 –
P2O5 0.073 0.095 – – –
ZrO 0.05 – – – –
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SO3 – 0.055 – – 0.07
CuO – 0.016 – 0.014 –

Talc and kaolin normally contain small amounts of impurities
hich are from alkali metal oxide and alkaline earth oxide groups.

hese impurities will play a role as modifying oxides in the glass
tructure by weakening the bonds within the glass network [12].
t may accommodate the holes or interstices in the random net-

ork structure or between tetrahedral groups and will result in
hanges of the properties, including reduction of viscosity of the
lass. Aluminum oxide, which is one of the main constitutions in
his glass composition, will form a tetrahedral group and therefore,
s able to replace SiO4 tetrahedral in the silicate lattice. Since the
luminum ion has a charge of 3+ as compared to the silicon ion with
charge of 4+, additional positive charge must be present to ensure
lectroneutrality. The existence of one alkali metal ion (originating
rom the minerals) per AlO4 tetrahedron would satisfy this require-

ent, thus will significantly influence the crystallization of glass.
hus, in the present study, non-stoichiometric cordierite compo-
itions from both groups of raw materials were synthesized using
he same steps and parameters in order to make a comparison of
heir densification, crystallization and properties. The results were
nalysed to certify the worth of replacing the reagent grade oxides
ommonly being used today with minerals.

. Materials and methods

�-Cordierite with the chemical formulation 2.8MgO·1.5Al2O3:5SiO2 was syn-
hesized using two different types of initial raw materials. One group was
ynthesized from mainly talc and kaolin with a small addition of reagent grade
xides to compensate the required MAS ratio, while the other group was synthe-
ized using reagent grade oxides (MgO, Al2O3, and SiO2). The kaolin was obtained
rom Kaolin Industry, Tapah Perak, Malaysia, talc and silica from Ipoh Ceramic Sdn.
hd., alumina from Metco and magnesia from Merck. An elemental analysis of the
aw materials is given in Table 1, while Table 2 gives details on weight percent of
nitial raw materials. The amount of talc and kaolin used in each compositions stud-
ed was weighted to the optimum amounts in order to minimize the use of pure

etal oxides. Excess total weight % in mineral precursor samples is due to the total
mpurities in the minerals. The homogeneous mixture of compounds was melted
t 1500 ◦C in alumina crucibles. After 4 h of soaking at the respective temperatures,
he samples were immediately quenched in distilled water to form frits, followed by

rying to remove moisture. All frits were milled using the same milling parameters
o obtain glass powders with average particle sizes in the range of 1–3 �m.

XRD of the glass powder and sintered pellet was carried out to determine the
volution of the glassy phase to the crystalline state. The XRD patterns of the

able 2
omposition (wt%) of initial raw materials for both samples (pure oxides and min-
rals) with formulation 2.8MgO·1.5Al2O3·5SiO2.

Sample Reagent grade oxides
(sample P)

Minerals (sample A)

Talc (wt%) – 31
Kaolinite (wt%) – 65
MgO (wt%) 19.93 4.74
Al2O3 (wt%) 27.01 4.26
SiO2 (wt%) 53.06 0.14
Total (wt%) 100 105.14
Compounds 509 (2011) 7645–7651

glass and sintered products were obtained using a Bruker D8 Advanced operated
in Bragg–Brentano geometry, with Cu K� radiation, in the 10◦ ≤ 2� ≤ to 90◦ range.
Counting time was fixed at 71.5 s for each 0.03◦2� step. The X-ray tube was operated
at 40 kV. Quantitative analysis was revealed by Rietveld method using HighScore
Plus software. DTA analyses were carried out using DTA machine Model Linseis.
Experimental was conducted using non-isothermal profile heating at 5 K/min from
38 ◦C to 1000 ◦C. Green body samples were prepared by compacting the glass powder
using a Hydrotex uniaxial pressing machine at 120 MPa and sintering at 900 ◦C for
2 h with 5 K/min heating rate prior to XRD, density, CTE, and dielectric test. Shrink-
age analysis of green samples was carried out using a high temperature vertical
dilatometer (Linseis) from room temperature to 1100 ◦C. The microstructure of the
fractured and etched samples was observed using field emission scanning electron
microscopy (VP FESEM-Supra 35VP) at 30 kV. CTE test was carried out on the sin-
tered samples using high temperature vertical dilatometer tests (Model Linseis)
in air from room temperature to 1000 ◦C, while the dielectric measurements were
made using an Impedance Analyzer (Hewlet Packard model HP4291). The density
and porosity were measured using the Archimedes principle.

3. Results and discussion

3.1. Characterization of glass frits and glass powder

A frit from reagent grade oxides is white in color, while a frit
from minerals is of a greenish color. The presence of about 1 wt%
iron oxide, Fe2O3, in the minerals confers the greenish color to the
glass, as shown in Fig. 1. Both frits are transparent which indi-
cate that they are in glassy forms. The molecules in the glass are
not stacked neatly. Random organization of glass causes the for-
mation of gaps and holes which allow portions of light waves to
pass through. The greater the randomness of the molecules in the
substances, the easier the light can pass through. The glass reflects
very little light because its index of reflection is fairly closed to the
air. Therefore, photons that are not reflected will interact with the
atoms of molecules and are reemitted, giving a transparent look.
The electrons in the glass absorb the energy of photons in the UV
range. Therefore, if the electron absorbs the energy of any portion
of the visible spectrum, the light that transmits through will appear
colored accordingly to that portion of the spectrum. Thus, the color
of the frits is a result of the energy levels of the electrons in the
substance.

X-ray diffraction of fine glass powders (Fig. 2) shows only diffuse
halos. Therefore, these compositions are suitable to be melted using
the particular melting parameter.

3.2. Non-isothermal differential thermal analysis

Crystallization of the amorphous phase was studied by DTA in
non-isothermal profile heating. DTA plots for both samples are
demonstrated in Fig. 3. Sample synthesized from minerals has a
slightly lower crystallization temperature (measured at maximum
peak) than samples synthesized from reagent grade oxides. The
existence of impurities in the samples may cause local fluctuations
in the structure, thus giving rise to the nucleation process. Low
viscosity of the glass contributed from extra modifying oxides in
the samples synthesized from minerals will also enhance the diffu-
sion rate. However, based on the area under the DTA peak, sample
synthesized from reagent grade oxides have a higher degree of crys-
tallinity compared to samples synthesized from mainly talc and
kaolin. This result was supported by X-ray diffraction pattern of
the sintered pellets (Fig. 4), whereby with the same composition,
samples obtained from reagent grade oxides have higher counts of
intensity.

3.3. Phase analysis by X-ray diffraction
Fig. 4 shows the X-ray diffraction pattern of sintered pellets
which were heat treated at 900 ◦C for 2 h. It can be obviously
seen that samples A and P were fully crystalline when heated



J. Banjuraizah et al. / Journal of Alloys and Compounds 509 (2011) 7645–7651 7647

Fig. 1. Photograph of frits for non-stoichiometric samples with differen
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Fig. 2. X-ray diffraction pattern of glass powder.

t this sintering parameter. Excess MgO and less Al2O3 from the
toichiometric composition contributed in enhancing the crystal-
ization behavior of �-cordierite. �-Cordierite phase still existed as
secondary phase in sample P. However, peaks that belong to �-
ordierite were not observed in sample A. Sample A reveals single
hase �-cordierite. Close observations of the diffraction pattern of
he sintered pellet demonstrate the variation of intensity ratio of

ig. 3. Non-isothermal DTA analysis of samples with different initial raw materials;
a) minerals and (b) reagent grade oxides.
t initial raw materials; (a) reagent grade oxides and (b) minerals.

the �-cordierite peak between samples A and P. The ratio of inten-
sity between the strongest peak of �-cordierite (which was located
at 2� 10.25 ◦) to other �-cordierite peaks in the same diffraction
pattern was obviously higher in the diffraction pattern of sample
P compared to sample A. We have confirmed that the difference in
the �-cordierite relative intensity between the two samples was
neither due to the preferred orientation derived from the sam-
ple preparation procedure nor instrumental error since repetition
on sample preparation during X-ray diffraction measurement was
done on the above sample. However, other planes show similar
counts, as can be seen from the zoom in Fig. 5.

3.4. Rietveld quantitative phase analysis

Quantitative phase analysis of heat treated glass samples
demonstrated that the compacted glass of sample A had crystal-
lized to 100 wt% �-cordierite phase. On the other hand, the glass of
sample P had crystallized to �-cordierite and �-cordierite phase.
Verification of single-phase �-cordierite formation was confirmed
by Rietveld structure refinement using HighScore Plus software
with better fitting between the measure and calculated pattern.
Table 3 shows quantitative phase analysis of heat treated samples
synthesised from reagent grade oxides and minerals of the same

MAS ratio. It shows that besides �-cordierite, sample P also contains
6.1 wt% �-cordierite phase. Results of analysis on both samples give
low agreement indices, R-factors, which reflect how good the fit is

Fig. 4. X-ray diffraction pattern of heat treated compacted glass powder samples
synthesized from reagent grade oxides (sample P) and minerals (sample A).
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Table 3
Quantitative phase analysis of heat treated sample synthesis from reagent grade oxides and minerals of the same MAS ratio.

Sample Phases Quantity (wt%) Crystal density Rbragg Rwp GOF Rexp Rp

Sample A �-Cordierite 100 2.54 11.52 9.55 1.55 6.17 7.5 0
Sample P �-Cordierite 87.8 2.52 4.74 8.26 1.583 6.56 5.83
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Densification and crystallization temperatures of both reagent
grade oxides and minerals samples are presented in Fig. 7. As shown
in the graph, crystallization occurs after densification has stopped
�-Cordierite 6.1 2.58

o the entire pattern. The high Rbragg in sample A as compared to
ample P was caused by bad quality fitting in �-cordierite peak at
he 0 1 0 plane.

.5. Lattice parameter

Table 4 gives crystal structure data of �-cordierite synthesized
rom different raw materials. The lattice parameter as well as the
olume of �-cordierite crystal of sample A is slightly higher than
ample P. The expansion of lattice may have resulted from intersti-
ial impurities atoms which originated from the minerals e.g. K2O,
aO, TiO2 and Fe2O3. Due to this sample A also possessed higher
rystallite size (208.6 nm) as compared to sample P (152 nm)

.6. Dilatometry

The sintering reaction of each sample during heating from 38 ◦C
o 1000 ◦C was observed by dilatometry test of compacted green
amples. It can be seen from Fig. 6 that both samples synthesized
rom mainly talc and kaolin started to shrink at a low temperature,
pproximately at 775 ◦C, while sample synthesized using reagent
rade oxides began at 825 ◦C. Most of the samples shrunk at the
ame amount i.e. around 12%. However, the sample from minerals
topped densifying at a much lower temperature.

The existence of alkali oxide (K2O) and alkaline earth oxides
CaO) are contributed to lowering softening characteristics of sam-
le A. Small amounts of K2O and CaO could play a role as modifying
xides when it was introduced into silicate glasses. The metallic
ations occupying the holes or interstitial positions and the oxygen
ons contributed to the glass becoming links to the network, form-
ng ions (e.g. silicon) in the random network structure. Instead of
he bridging oxygen ions which formed the link between two SiO4
etrahedral, the existence of these oxides will weaken the glass
etwork thus causing non-bridging oxygen. This in turn results
n changes of the properties including reduction of the viscosity
f the glass [12]. The viscosity of glass can be evaluated either by
easuring the rate of neck formation between two glass beads, or

ig. 5. Diffraction curves of green rectangular pellets for both sintered samples
oom in 2 theta 18.8–30◦ . (For interpretation of references to color in this figure
egend, the reader is referred to the web version of this article.)
5.98

measuring the rate of densification of glass powder compacts, or
measuring the glass transition temperature.

Therefore, based on the observation in dilatometry curve, the
existence of alkali and alkaline earth oxides in sample A cause it
to possesses lower softening temperature than sample P. This indi-
cates that sample P has to overcome much higher energy barrier
before it can flow as compared to sample A. The existence of mixed
alkali oxide in sample A had accelerated the densification of glass
and this has resulted in earlier completion of densification as shown
in Fig. 6. Rapid densification started when the glass attained suffi-
cient fluidity to consolidate the glass particles by capillary forces.
Therefore, easier densification in sample A as compared to sample
P might results from the variation of viscosity in the samples. Since
the viscosity decreases when the sintering temperature increases,
a higher sintering temperature results in easier densification. As a
result, sample A completely densified at 825 ◦C, while sample P at
925 ◦C.

3.7. Activation energy for densification

A comparison of activation energy for densification between
reagent grade oxides and minerals samples are tabulated in Table 5.
Glass samples synthesized from reagent grade oxides have higher
activation energy for densification than samples synthesized from
minerals. The existence of alkaline earth oxide and alkali metal
oxide in the minerals decreased the viscosity of the glass, thus
making densification easier at lower temperatures than samples
synthesized from reagent grade oxides.

3.8. Densification and crystallization behavior
for both of samples. Glass sample synthesized from minerals have

Fig. 6. Dilatometry curve of green rectangular pellets for both samples heating
at increment temperature. (For interpretation of references to color in this figure
legend, the reader is referred to the web version of this article.)
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Table 4
Comparison on crystal structure of �-cordierite phase in sample synthesized from reagent grade oxides and minerals.

Lattice a (Å) Lattice c (Å) Crystal volume (Å3) Crystal density (g/cm3) Crystallite size (nm)

Sample A 9.79934 (0.005) 9.38761 (0.005) 772.74 2.51 (0.01) 208.6 (13)
Sample P 9.74375 (0.005) 9.34806 (0.005) 768.1 2.53 (0.01) 152.5 (20)

Fig. 7. Densification and crystallization temperature of glass powder samples syn-
thesized from reagent grade oxides and minerals.

Table 5
Activation energy for densification for reagent grade oxides and minerals glass sam-
ples with composition 2.8MgO·1.5Al2O3·5SiO2.

Activation energy for densification (KJ/mol)
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sized from pure oxides has lower CTE than sample A (synthesized
Sample A 364 (5)
Sample P 732 (8)

ower densification and crystallization temperatures than sample
ynthesized from reagent grade oxides.

.9. Density, porosity and shrinkage

Table 6 indicates results of density, percentage of porosity and
hrinkage for both samples sintered for 2 h at 900 ◦C. Both samples
ere fully densified with similar density, percentage of shrinkage

nd porosity.

.10. Microstructure analysis

The dilatometry curve reveals that the glass powder required
temperature of about 825 ◦C for sample A and 925 ◦C for sam-

le P, respectively, to obtain constant shrinkage of the compacted
ellet if it was heated in non-isothermal conditions. However, the
icrostructure of samples coupled with results of porosity and

ensity proved that sample P also fully densified at 900 ◦C when

oaked for 2 h. The shrinkage, �L/L0, of a compact composed of
pherical particles of radius, r, takes place through flow driven by

able 6
ulk density, percent of porosity and shrinkage of sintered sample.

Density (g/cm3) Shrinkage (%) Porosity (%)

Sample A 2.54 (0.02) 12.44 (0.05) 0.44 (0.01)
Sample P 2.54 (0.02) 12.59 (0.07) 0.58 (0.02)
surface tension, � , can be given in the following expression [13]:

�L

L0
= 3�

8��(T)t

where L0 is initial length of the compact, and t is time. Therefore,
the shrinkage as well as diffusion process is time dependent. Vis-
cous sintering occurs by material flows driven by capillarity, Thus,
prolong soaking for 2 h enhanced the diffusion process, thus even
at temperature below 925 ◦C, sample P could densify as good as
sample A. Figs. 8 and 9 show the microstructure of etched (etched
with 5 M HF) and fracture sintered samples. FESEM microstruc-
ture analysis reveals that sample A has better densification than
sample P and the apparent porosity level of sample P is higher
than sample A. The existence of small amounts of alkaline earth
in the initial raw materials reduced the melting temperature and
viscosity of the glass. Thus, during crystallization heat treatment
process, the viscous flow is more effective in eliminating the
pores

3.11. Dielectric properties

Fig. 10 shows results of dielectric constant of samples as a
function of frequency. It was clearly demonstrated that sam-
ple synthesized from reagent grade oxides have lower dielectric
constant compared to sample synthesized from mainly talc and
kaolin. Sample A has a slightly higher dielectric constant than
sample P due to its better densification behavior. However, the
dielectric constants of both samples are within the standard
value.

Fig. 11 reveals the dielectric loss of samples as a function of fre-
quency. It shows that sample A has higher dielectric loss compared
to sample P. Microstructure analysis of etched surface indicates that
sample A has larger grain size compared to other samples. As dis-
cussed above, densification and crystallization started and finished
at lower temperatures and earlier times in sample A than sample P.
Therefore, under the same profile heat treatment, this caused the
tendency of grain to growth in sample A and finally resulted in large
grain size with low porosity.

3.12. Coefficient of thermal expansion

Dilatometry test was also performed on sintered rectangular
samples to determine the linear thermal expansion of �-cordierite
as a function of temperature. The CTE for both sintered mineral
and pure oxides samples is shown in Table 7. Sample P synthe-
from minerals). As the CTE of materials is greatly dependent on
the bond strength between the atoms, the existence of mixed
alkali oxides in sample A will acted as a modifying oxides and

Table 7
Coefficient of thermal expansion of sintered pellet.

Sample CTE (◦C−1)

Sample A 2 × 10−6

Sample P 3 × 10−7
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Fig. 8. Microstructure of sintered and etched surface for sample synthesized from reagent grade oxides and minerals.

pellets

m
r
w
o

F
a

Fig. 9. Microstructure of fractured surface of sintered

ight distorted some of the silicate chains, thus, decrease the

igidity of the network structure [14]. The mixed alkali oxides
ere expected to be interstitial inside the two structure holes

r interstitial vacant sites that were present per unit formula in

ig. 10. Dielectric constant of both samples synthesized from reagent grade oxides
nd minerals as a function of frequency.
synthesized from reagent grade oxides and minerals.

the c-axis of �-cordierite structure [15]. Lower CTE in sample P
may have also resulted from the existence of higher micro pores

due to the existence of other secondary phase as compared to
sample A.

Fig. 11. Dielectric loss of heat treated glass samples synthesized from reagent grade
oxides and minerals as a function of frequency samples as a function of frequency.
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. Conclusions

A high degree of �-cordierite phase was crystallized and pro-
uced using both samples from reagent grade oxides and minerals.
ense structures were obtained even without sintering aids. The

ample synthesized from mainly talc and kaolin had better den-
ification and crystallization behaviors, compared to the sample
ynthesized from reagent grade oxides. The existence of impurities
Fe2O3) in the composition caused the frits to appear a transpar-
nt greenish color, and other impurities (CaO, K2O) could react as
modifying oxide to enhance the densification and crystallization
f �-cordierite. Activation energy for the densification of samples
ynthesized from minerals had much lower values than the sam-
les from reagent grade oxides. The disadvantage is only in the
ielectric loss, where the non-stoichiometric samples synthesized
rom mainly talc and kaolin had slightly higher dielectric loss, but
s still in a low range for application as a substrate in high frequency
pplications.
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