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Three  non-stoichiometric  cordierite  with  compositions  of  xMgO–1.5Al2O3–5SiO2 (x = 2.6–3.0  mol)  were
synthesized  using  mainly  talc  and  kaolin  through  the  glass  route.  The  densification  and  crystallization
behaviors  of  these  glass  powders  were  investigated  using  DTA,  dilatometer,  and  XRD.  Samples  were  then
heat treated  at  900 ◦C for  2 h  and  further  analyzed  using  XRD,  CTE,  FESEM,  density  and  porosity  tests,
and also  dielectric  test  to further  investigate  their  properties.  The  2.8MgO·1.5Al2O3·5SiO2 glass  compo-
. Glasses

. Crystallization

. Powder diffraction
. Thermal properties
. Dielectric properties

sition  fully  densified  and  crystallized  into  high  purity  �-cordierite  at the  heat  treatment  temperature.
It  exhibited  lower  CTE  and  dielectric  constant  compared  to  other  composition,  making  it suitable  for
high  frequency  applications.  Other  formulations  which  contain  multi  crystalline  phases  require  much
higher  temperatures  for densification.  The  CTE  value  depends  on  the  type  of  crystalline  phase  which
exist  in  the  sample,  while  the  dielectric  constant  decreased  with  increasing  MgO  amounts  in  the  sample
compositions.
. Introduction

�-Cordierite-based glass–ceramics have attracted some atten-
ion in recent years owing to their low CTE, dielectric constant,
ielectric loss and density which make them suitable for high fre-
uency applications. The difficulty of obtaining high crystallinity
-cordierite phase at or below 900 ◦C with a short soaking time
sing solid state [1–5] and sol–gel [6–9] methods can be reviewed

n the literature. Although it has been reported that �-cordierite
an be crystallized at 900 ◦C using the glass route [10], the crys-
allization of secondary crystalline phases, together with large
morphous phases, will significantly affect its properties. Fur-
hermore, the crystallization that occurs before the densification
rocess would cause the viscosity of the glass to increase, resulting

n higher porosity of glass–ceramics. This problem can be over-
ome by reducing the softening temperature and viscosity of the
lass. Besides the addition of sintering aids and pulverizing into
ery fine particles, the viscosity of the glass can be further reduced
y modifying the stoichiometric compositions.

Previously, we reported the effects of excess MgO  concen-

ration from cordierite stoichiometric compositions on phase
ransformation which is in the series of xMgO·2Al2O3·5SiO2 (where

 = 2–4 mol) [11], and also the densification and crystallization
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behavior of these compositions [12]. Although compositions with
high MgO  concentrations had enhanced the crystallization of the �-
cordierite phase, small amounts of spinel (MgAl2O4) and forsterite
also tended to crystallize [11]. Additionally, it has been proven from
these studies that excess MgO  in a stoichiometric cordierite com-
position would not only cause the densification temperature to
decrease, but also the crystallization temperature [12]. In fact, some
of the studied compositions tend to crystallize before densification
has completed. Crystallization that occurs before densification may
have been initiated from insufficient melting temperature used to
melt the glass compound or a low quenching rate. This will cause
small amounts of glass to crystallize during melting and conse-
quently retards the viscous sintering process during heat treatment
of the glass. McMillan [13] in his book proposed that the melting
temperature of the glass compound can be reduced by reducing
the intermediate oxide of the glass, which is Al2O3 in this sys-
tem, and this will consequently decrease the viscosity of the glass
if the same melting temperature was employed. In addition to that,
a reduction in Al2O3 mole ratio is expected to retard the forma-
tion of spinel as excess MgO  will react with Al2O3 to form spinel
(MgAl2O4), while variations in MgO  concentrations will retard the
formation of forsterite. Therefore, by systematically modifying the
compositions of study, the crystallization of the intended phase
can be controlled by impeding the reaction and crystallization of

the secondary phase. Although it has also been reported in the lit-
erature [14–18] that the MAS  composition used with excess MgO
and less Al2O3 would contribute to better densification and crys-
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Table 1
Elemental analysis of minerals and oxide compound by XRF.

Kaolin Talc SiO2 Al2O3 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 – – –
ZrO2 0.05 – – – –
SO3 – 0.06 – – 0.07
CuO –  0.016 – 0.014 –

Table 2
Composition of oxides in the mixtures.

Sample MAS ratio MgO (g) Al2O3 (g) SiO2 (g)

X1 3:1.5:5 21.0548 26.6322 52.3131
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X2  2.8:1.5:5 19.9309 27.0113 53.0578
X3  2.6:1.5:5 18.7745 27.4014 53.8241

allization behavior, it must be noted that pure oxides were used
s their initial raw materials and the compositions were different
rom the one used in the present study.

Therefore, besides the use of compositions with excess MgO
oncentration in this present study, mole of intermediate oxide was
lso reduced. Al2O3 was reduced to 1.5 mole ratio, while SiO2 mole
atio was kept constant at 5 moles as the exact cordierite stoichio-
etric composition for all investigated compositions. The effect of
gO concentration in a series of xMgO·1.5Al2O3·5SiO2 samples was

xamined. The compositions of the present research were system-
tically chosen based on previous studies so as to increase the purity
f the �-cordierite phase as well its densification behavior.

. Materials and methods

MgO–Al2O3–SiO2 glass–ceramics with different mole ratios were synthesized
sing kaolin (Kaolin Industry, Tapah Perak, Malaysia) and talc (Ipoh Ceramic, Sdn
hd, Ipoh Malaysia). Silica (Ipoh Ceramic, Sdn Bhd. Ipoh, Malaysia), alumina (Metco,
estbury, USA) and magnesia (Merck, Whitehouse Station, NJ) were added to com-

ensate the formulation of the compositions. The amount of talc and kaolin used
n  each composition studied was weighted to the optimum amounts in order to

inimize the use of pure metal oxides. The elemental composition of the initial
aw  materials was  determined by X-ray florescence spectroscopy (Rigaku X-Ray
pectrometer model RIX 3000) and the details are given in Table 1. Tables 2 and 3
ummarize the detailed compositions of oxide and the weight percent of initial raw
aterials. The homogenized mixtures of raw ingredients were melted in alumina

rucibles at 1500 ◦C for 4 h in air. Frits were produced by quenching the melts in
istilled water, and were dry milled using Pulverized 6 to obtain fine glass powders
ith average of particle sizes in the range of 1–3 �m.

Two  sets of DTA analyses were carried out. The first data was collected from the
lass powder heated at 5 ◦C min−1 from room temperature up to 900 ◦C and was kept
sothermally at 900 ◦C for 1 h (Model Linseis). The second DTA was  collected from the
ample non-isothermally heated from room temperature to 1000 ◦C at 5 ◦C min−1

eating rate. Rectangular specimens (5 mm × 3 mm × 20 mm)  for the dilatometry

est  were prepared by compaction of the glass powder using a Hydrotex uniax-
al pressing machine at 120 MPa. Sintering reactions at increasing temperatures

ere tested using a dilatometry test with a high temperature vertical dilatome-
er  (Model Linseis) from room temperature to 1100 ◦C. The X-ray diffraction (XRD)

able 3
omposition of initial sample based minerals.

Sample MAS ratio Talc (g) Kaolinite (g) MgO  (g) Al2O3 (g) SiO2 (g)

X1 3:1.5:5 30.0000 64.0000 6.3550 4.2320 0.4531
X2  2.8:1.5:5 31.0000 65.0000 4.7400 4.2600 0.1400
X3  2.6:1.5:5 31.0000 65.0000 3.5845 4.6514 0.9040
Fig. 1. XRD pattern of glass powder for samples X1, X2 and X3.

patterns of the glass powders and sintered products were obtained using a Bruker
D8  Advanced operated in Bragg–Brentano geometry, with Cu K� radiation. Count-
ing  time was  fixed at 71.5 s for each 0.03◦2� step. The X-ray tube was operated at
40  kV and 30 mA. All XRD instrument parameters set up were fixed to standard value
during the measurements. Bulk density and apparent porosity were measured by
Archimedes immersion technique. Microstructures of the fractured samples were
observed using a field emission scanning electron microscopy (VP FESEM-Supra
35VP) at 30 kV. Specimens for the CTE and dielectric test were prepared by com-
paction of the glass powder using a Hydrotex uniaxial pressing machine at 120 MPa.
The  samples were sintered in air under isothermal conditions for 2 h at 900 ◦C with
a  5 ◦C min−1 heating rate before CTE and dielectric testing. The CTE test was car-
ried out using high temperature vertical dilatometer tests (Model Linseis) in air
from room temperature to 1200 ◦C, while the dielectric measurements were made
using an Impedance Analyzer (Hewlet Packard model HP4291). The specimens were
ground and polished down to a 1 �m diamond paste, washed in water and acetone
and heated at 100 ◦C for 2 h to remove moisture prior to the dielectric measurement.
The results of dielectric constant and dielectric loss as a function of frequency can
be  obtained directly when the sample thickness is fed into the machine.

3. Results and discussion

3.1. XRD pattern of glass powder

Fig. 1 shows a large amorphous hump and no crystalline peaks in
the diffraction patterns for the all three glass powder samples. This
indicates that all compounds in the samples have transformed into
amorphous or glassy phase after being melted at 1500 ◦C for 4 h.
Reduction of intermediate oxide (Al2O3) in the glass compositions
was  proven to be able to reduce the melting temperature as well
as the viscosity of the glass at 1500 ◦C causing no crystalline phase
to appear in the diffraction pattern of milled glass powder.

3.2. Non-isothermal and isothermal DTA analysis

Fig. 2 demonstrates the DTA scan of the glass sample in a non-
isothermal condition. Only a single exothermic peak was  present
in each sample. The weak exothermic peak belongs to sample X3
with composition 2.6MgO·1.5Al2O3·5SiO2 which has the least MgO
concentration among the three studied samples. The position of
the crystallization peak also varies with compositions. The increase
of MgO  concentration caused a shift of the crystallization peak
maxima to lower temperatures. The crystallization temperature
decreased from 925 ◦C to 876 ◦C for samples with 2.6–3.0 MgO con-
centration as given in Fig. 3. This result was  in agreement with
experiments conducted using a series of samples with the for-

mulation xMgO·2Al2O3·5SiO2 [11]. DTA curves also indicate that
the crystallization peak becomes more intense, and the area under
the DTA peak becomes larger with increasing amounts of MgO, as
demonstrated in Fig. 4.
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Fig. 2. Nonisothermal DTA curves of samples with various MAS  ratios.
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The dilatometry test was carried out on un-sintered samples to
determine the sintering reaction curve as a function of temperature.
The rectangular green samples were non-isothermally heated from
ig. 3. Crystallization temperature for samples with increasing MgO concentration
or  series xMgO·1.5Al2O3·5SiO2.

Although the nonisothermal DTA curve in Fig. 2 shows that
he crystallization range of samples X1 and X2 ended above
00 ◦C, prolonged soaking for 2 h would be beneficial to improve
he crystallization process at intended heat treatment temper-
tures, as demonstrated in Fig. 5. As shown in Fig. 5 complete

xothermic peaks were observed for samples X1 and X2 in the
sothermal DTA curve during heating at 900 ◦C for 2 h. However,
o exothermic peak was observed for sample X3 with compo-

Fig. 4. Integrated area under nonisothermal DTA peaks.
Fig. 5. Isothermal DTA plot for samples X1, X2 and X3.

sition 2.6MgO·1.5Al2O3·5SiO2. Although the XRD pattern from
compacted glass specimen of sample X3 demonstrated that the
crystalline peak appeared after prolonged sintering for 2 h at 900 ◦C,
the intensity of the peaks are lower compared to the other two sam-
ples. It was expected for surface crystallization to have occurred in
this compacted and sintered sample since no exothermic peak was
present in the DTA curve of the same glass powder sample heated
at the same heat treatment parameters. The crystallization of �-
cordierite or magnesium dialuminum silicate phase in sample X3
after heat treatment strongly indicates that the crystallization pro-
cess is restricted to the glass surface [19,20]. The absence of the
exothermic peak in the DTA curve was  expected to have resulted
from the lower driving force for surface crystallization of the loose
glass powder sample (for DTA test) compared to compacted glass
powder sample (for XRD test). Therefore, the numbers of crystals
nucleated strongly depend on the chemical composition of the par-
ent glass and do not depend on temperature and time of the heat
treatment process [21].

3.3. Dilatometry curve
room temperature to 1000 ◦C. Fig. 6 shows a typical dilatometric

Fig. 6. Dilatometry curve of unsintered compacted glass powder.
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in compacted powders.
As demonstrated in the diffraction pattern, the main crystalline

phase in sintered pellets for all three samples was �-cordierite.
It can be clearly seen that the intensity of the �-cordierite peak
ig. 7. Activation energy for densification of glass sample with composition
MgO·1.5Al2O3·5SiO2.

urve for un-sintered samples with different MgO  concentrations.
t can be seen that the expansion values for all samples with differ-
nt MgO  concentrations are very close to each other at the initial
tage when heated from room temperature up to 775 ◦C and accel-
rated at 825 ◦C. At this temperature range, the viscosity of the
lass is dramatically decreased. All samples stop obvious shrink-
ng approximately at 875 ◦C with a similar percentage of shrinkage
12%). Because of the surface tension effect that varies as a function
f surface curvature, material flows are driven toward the particle
ecks, thus densifying a glass powder compact.

Although the softening and final shrinkage temperatures were
he same for all three samples, the shrinkage rate of the three
amples was different as a function of temperature. This can be
bserved through the slope at the shrinkage part. Based on the slope
f the curves, sample X1 has a higher shrinkage rate followed by
amples X2 and X3. The difference in shrinkage rate of samples is
reatly related to the viscosity of glass. Glass with low viscosity
asily flowed, causing samples with higher MgO concentrations to
ave higher shrinkage rates. Thus, varying the amount of MgO  con-
entrations in non-stoichiometric cordierite composition with less
ntermediate oxides would also affect the viscosity of the glass.

.4. Activation energy for densification

Activation energy for densification of glass powder samples
ith different compositions is shown in Fig. 7. The activation

nergy for densification Q was calculated when the sample experi-
nces shrinkage (between 825 and 875 ◦C) from the dilatometry
urve using the Arrhenius equation [12]. From the figure, the
ctivation energy for densification tended to decrease with increas-
ng MgO  concentrations in the compositions. This result (in
MgO·1.5Al2O3·5SiO2 series) was in good agreement with results
btained from previous studies in non-stoichiometric cordierite
amples in xMgO·2Al2O3·5SiO2 series where Q decreased with
ncreasing MgO  [12]. However, the activation energy for densifi-
ation tends to plateau above 2.8 mol  MgO.

Fig. 8 demonstrates plots of densification and crystallization
emperature as a function of MgO. The range of crystallization
emperature slightly decreased with increasing MgO  concentra-
ion ratio, while the temperature range for densification is similar
or all three samples which is below the range of crystalliza-
ion temperature. This indicates that densification occurred before
rystallization. The gap between densification and crystallization
emperatures is high in sample X3 followed by samples X2 and

1, respectively. Although sample X1 has the lowest crystallization

emperature among the three samples where crystallization may
tart below 900 ◦C, the crystallization process is difficult to control
Fig. 8. Densification and crystallization temperature of samples with various MAS
ratios.

since the gap between densification and crystallization tempera-
ture is very close.

3.5. XRD analysis of sintered pellet

As shown in Fig. 9, four crystalline phases that were
observed in these 3 samples are �-cordierite (ICSD 98-005-8888),
forsterite (ICSD 98-008-5876), spinel (ICSD 98-005-8457), and
�-cordierite or magnesium dialuminium trisilicate (ICSD 98-000-
770). Although no exothermal peak was observed in the isothermal
DTA curve of sample X3 with composition 2.6MgO·1.5Al2O3·5SiO2,
results of XRD pattern on the sintered compacted pellet revealed
the appearance of crystalline peaks in the diffraction pattern. Both
glass powder (DTA test) and compacted glass powder (XRD) sam-
ples of the same composition experienced the same heat treatment
profile, but pressed pellets, in contrast to loose powder samples,
tend to crystallize during prolonged holding at the same heat treat-
ment temperature. The diffusion and the arrangement of atoms for
crystallization would be enhanced if the particles are very close as
Fig. 9. X-ray diffraction patterns of samples with different MAS  ratios sintered at
900 ◦C for 2 h (�: �-cordierite, f: forsterite, �: �-cordierite, sp: spinel).
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Table 4
Results of Rietveld refinement.

Sample Phases Quantity (wt%) RBragg Rwp S Rexp Rp

X1 Amorphous 2.30
�-Cordierite 89.20 12.35 11.31 2.78 6.78 9.19
Forsterite 8.50 33.21

X2 �-Cordierite 100.00 11.52 9.55 1.55 6.17 7.5 0
X3 Amorphous 46.20

�-Cordierite 45.78 17.54 11.50 3.21 6.41 9.00
�-Cordierite 7.59 2.59
Spinel 0.38
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Fig. 11. Rietveld plot of sample X3.
Bragg: agreement indices on Bragg value; Rwp: agreement indices on the weighted
alue; S: goodness of fit; Rexp: agreement indices on expected value; Rp: agreement
ndices on the profile value.

ecame higher as the amount of MgO  used was increased, and sam-
le X3 with chemical formulation 2.6MgO·1.5Al2O3·5SiO2 had the

owest intensity compared to the other 2 samples. Small amounts
f secondary phases were observed in samples X1 and X3. �-
ordierite and spinel peaks appeared in sample X3, while the

orsterite peak appeared in sample X1. Theses crystalline phases are
ormally present in crystallization of MAS  glass [18,22].  The exis-
ence of these types of secondary phase in samples with 2.6 mol  and

 mol  MgO  is similar with the series of xMgO·2Al2O3·5SiO2 samples
11]. Results of phase quantification are tabulated in Table 4.

Decreasing the amount of MgO  retarded the formation of
he forsterite phase, while decreasing the amount of Al2O3 from
toichiometric 2.8MgO·2Al2O3·5SiO2 successfully retarded the for-
ation of the spinel phase. Single phase �-cordierite was observed

n sample X2 with composition 2.8MgO·1.5Al2O3·5SiO2. A compar-
son of the intensity counts of �-cordierite at (0 2 2) plane also
ndicates that the intensity of the �-cordierite phase is higher in
he sample with 2.8 mol  of MgO, and the intensity counts for the
hree samples are parallel with the amount of �-cordierite phase
resent in the samples as shown in Fig. 10.

Fig. 11 shows one of the Rietveld plots of the XRD data for sample
3 which was heat treated at 900 ◦C for 2 h. The Rietveld plots show

 good quality of refinement. The results are normalized to 100% of
rystalline fraction, so the hyphothetical amorphous content of the
ample was assumed to be negligible.

Percentage of the amorphous content was calculated using the

ullprofile pattern method. The results of the quantitative phase
nalysis, including the amorphous phase, are tabulated in Table 4.
ample X3 still contains a high amount of amorphous phase. As
btained in the non-isothermal DTA test, the crystallization tem-

ig. 10. Intensity of �-cordierite peak count at (0 2 2) plane as a function of MgO
oncentration.
Fig. 12. Bulk density and porosity for series of xMgO·1.5Al2O3·5SiO2 samples.

perature range of sample X3 is above 900 ◦C. Therefore, prolonged

holding of the compacted pellet up to 2 h would not effectively
transform the glass into a fully crystalline phase. This composition
requires a much higher heat treatment temperature to enhance the
crystallization process. Small amounts of amorphous phase were

Fig. 13. Proportion line for calculating coefficient of thermal expansion of sintered
rectangular pellets of samples X1, X2, and X3.
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Fig. 14. Coefficient of thermal expansion of samples X1, X2 and X3.

till present in sample X1. The existence of multi crystalline phase
ith different crystal structures in the sample caused part of the
pace between the crystal to be arranged disorderly.
It is obvious that without any sintering aids, excess MgO  up to

.6 mol  was not sufficient to retard the formation of �-cordierite,

ig. 15. Lattice changes as a function of MgO  concentration ratio. (a) Lattice a and
b) lattice c.
Fig. 16. Dielectric constant of samples as a function of frequency.

while at and/or above 3 mol  MgO  will result in the formation of
a forsterite phase. Therefore, samples should be formulated with
approximately 2.8 mol  MgO  with less Al2O3 (1.5 mol) from the
exact cordierite stoichiometric composition in order to obtain sin-
gle phase �-cordierite.

3.6. Density and porosity test

Fig. 12 illustrates bulk density and percent of porosity of sintered
pellet as a function of MgO  concentration ratio. The trend of density
plots as a function of MgO  concentration ratio is the opposite to the
trend of porosity. Sample X2 has the highest density and lowest
percentage of porosity among the three samples. The formation of
a secondary phase with different crystal structures limits the den-
sification process and consequently produces samples with higher
porosity and less bulk density.

The formation of more than one crystalline phase during the
sintering process in samples X1 and X3 caused the kinetic process
for the viscous flow to be quite slow and required much energy
to complete the process. Therefore, samples X1 and X3 with 8.7

and 14.0 wt%  secondary phases, respectively, have lower densi-
fication than sample X2 which has highest wt% of �-cordierite
phase.

Fig. 17. Dielectric loss of samples as a function of frequency.
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Fig. 18. (a) Microstructure of fracture surface at 10,000× magnific

.7. Coefficient of thermal expansion (CTE)

Thermal expansion was measured using sintered rectangular
ellets in a dilatometry test machine. The CTE was  calculated in
he proportion region which is at temperature range 100–700 ◦C.
herefore, the curves of dL/Lo (%) vs T was replotted in a scat-
er diagram, as shown in Fig. 13,  to obtain a linear equation. The

lope value of the curves was divided by 100 to give the results
f CTE. Results of CTE for samples with increasing levels of MgO
re presented in Fig. 14.  Most of the samples show low CTE, i.e.
–4 × 10−6 K−1. The low thermal expansion coefficient of the �-
and (b) microstructure of fracture surface at 1000× magnification.

cordierite samples is the result of its relatively ‘rigid’ tetrahedral
framework, and the anisotropic expansion of the octahedral frame-
work of the �-cordierite structure. As shown in Fig. 14,  CTE plots
dropped from sample X1 to X2, and increased for sample X3. The
decrease in CTE values for samples X1–X2 is associated to the
increases of �-cordierite weight percentage as a function of MgO
concentration. The existence of �-cordierite, spinel and amorphous

phase (Table 4) was  responsible for the higher CTE in sample X3,
while the increase in CTE values for sample X1 with 3.0 mol  MgO
may  have resulted from the formation of a forsterite phase which
has higher CTE. The crystallization process greatly altered the ther-
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al  expansion of the glasses. Therefore, the glass-ceramic materials
ay  have high or low coefficients of expansion depending on the

xpansion coefficients and elastic properties of the crystal phases
ormed [23].

In order to see the effect of increasing MgO  in the crystal struc-
ure of �-cordierite, precise lattice parameters were determined
rom structure refinement using Lebail, Pawley and Rietveld meth-
ds using XRD software. A plot showing the effect of a- and c-lattice
arameters with respect to increasing MgO  concentration ratio is
iven in Fig. 15.

Sample X3 with composition 2.6MgO·1.5Al2O3·5SiO2 has the
ighest lattice a and lattice c values. The expansion of lat-
ice a and lattice c was expected due to the existence of
igher amounts of secondary phase inside �-cordierite crystals
nd finally expand the lattice a and lattice c. Volumes of unit
ells for these secondary phases (forsterite 289.93 × 106 pm3, �-
ordierite = 124.65 × 106 pm3, spinel = 524.39 × 106 pm3) are lower
han those of the �-cordierite phase (771 × 106 pm3). Therefore,
ome of the secondary phases could reside interstitially in between
he �-cordierite crystals, producing a higher volume.

.8. Dielectric properties

.8.1. Dielectric constant
The dielectric constants of samples with different MgO  concen-

ration ratios are presented in Fig. 16 as a function of frequency from
 MHz  to 1 GHz. The dielectric constant decreased with increas-

ng frequency from 1 MHz  to 1 GHz for all samples. An increase
n frequency induces weakening or disappearing of ionic polariza-
ion, and consequently decreases dielectric constant values. The
ielectric constant of the samples with different MgO  concentra-
ion ratios is in the range of 5.3–5.5, from a frequency of 1 MHz
o 1 GHz. The values are in close agreement with other published
alues. Dielectric constant decreases with increasing MgO. Reduc-
ion in dielectric constant as a function of MgO in the series of
MgO·1.5Al2O3·5SiO2 samples resulted from phase transformation
nd the amount of porosity in the sample. Although the percentage
f porosity in sample X3 with 2.6 mol  MgO  is the highest among
he three samples, it possesses high dielectric constant. The high
ielectric constant in sample X3 may  have resulted from high resid-
al glass content in this sample. Samples with higher glassy or
morphous phase contain mobile ions. These mobile ions can jump
etween two sites in the open network structure of glasses, thus

ncreasing the dielectric constant of the sample. Sample X1 has
igher dielectric constant than sample X2 due to its higher porosity
ontent. However, the difference is too small, and still within the
tandard range.

.8.2. Dielectric loss
The dielectric loss as a function of frequency is presented in

ig. 17.  Sample X1 with a higher percentage of porosity has the
ighest dielectric loss followed by samples X3 and X2. The dielectric

oss of all samples is within 10−2 which is slightly higher com-
ared to reported data which used pure oxides as a precursor

n cordierite synthesis. �-Cordierite synthesized from pure oxide
enerally has very low dielectric loss <10−3 at 10 MHz  [14,24].
igher concentrations of �-cordierite phase do not necessarily
ave low loss. The high values of dielectric loss in this study, com-
ared to �-cordierite synthesized using pure oxide precursors, are
aused by increased polarization due to defects in the structure
nd impurities or metal oxide at grain boundaries. Some oxides,
specially those which have excessive electrical conductivity at ele-

ated temperatures, cause dielectric losses in ceramic materials.
ielectric losses may  also be caused by the dipole movement of
olarized molecules in the electrical field or non-homogeneity of
he structure.

[
[

[
[
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3.9. FESEM/EDX analysis

Microstructure of fracture samples as demonstrated in Fig. 18(a)
and (b) clearly shows that sample X2 is fully densified with the
lowest porosity content, followed by samples X3 and X1. The obser-
vation of porosity from a microstructure analysis was in good
agreement with porosity content measured by the Archimedes
principle. Percentage of porosity significantly influenced the bulk
density and dielectric property values of the samples.

4. Conclusions

All three non-stoichiometric cordierite samples with excess
modifying oxide and less intermediate oxide can be melted at
1500 ◦C to obtain fully amorphous glass powder. The crystalliza-
tion temperature decreased as a function of MgO. Although the
softening temperature and temperature at which the samples stop
shrinking are the same for all three samples, samples shrunk at
different rates due to the variation in the viscosity of the glass.
The sample with the highest MgO  concentration has the high-
est shrinkage rate, and vice versa. Although sample X1 with the
highest modifying oxide (MgO) was expected to have a better
degree of densification, the crystallization of multi crystalline phase
with different crystal structures in the sample caused percentage
of porosity to increase. The presence of other crystalline phases
caused intensity counts of �-cordierite peak of sample X1 to be
lower than X2 even though sample X1 has the highest degree of
crystallinity (measured from DTA curves). Coefficient of thermal
expansion of samples depends on the type of crystalline phase
which exists in the sample. The sample with the chemical formula-
tion 2.8MgO·1.5Al2O3·5SiO2 possesses the lowest CTE compared to
the other samples. The dielectric constant decreased with increas-
ing MgO. However, its values were still within the standard range.
The dielectric loss was slightly higher than �-cordierite synthesized
from pure oxide due to the existence of impurities from the starting
raw materials.
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