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ABSTRACT

16
This study aims to investigate the effect of sintering temperatures 5[1&\ phase formation and physical
characteristics of refractory cordierite prepared from rice husk silica, Al;0;, and MgO powders. The
ples were subjected to sintering temperatures of 1050-1350 °C, and development of structures was
racterized using Fourier Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD) coupled with
Rietveld analysis, scanning electron microscopy (SEM) a ilatometry. The results obtained indicated
the significant role of sintering temperatures on phase transformation of spinel and obalite into
cordierite, in which at sintering temperatures of 1230-1350°C the cordierite emerges as a dominant
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1. Introduction

Cordierite (Mg2Al;Si50,5) ceramic is well known as an excellent
insulator and hi ermal resistant material, due to its low di-
electric constant as well as thermal expansion coefficient. In pre-
vious study [1,2], it was reported that thermal expansion of cor-
dierite is 2.2 x 1075/°C, while the others reported the value of
around 1-4 x 10~ 5/°C [3] and 0.8-2 x 10~ 5/°C [4,5]. Another inter-
esting property of cordierite which makes this material a great
importance as refractory material is its very high melting tem-
perature (1460 °C), which is the highest among silicate glass—cera-
mics [G]. In addition, cordierite exhibits excellent thermal shock

resistance [7,8] and high chemical stability [3]. Cordierite can

found in three polymorphic forms, depends on temperature, ie. o~
cordierite at high temperature, while f-cordierite and p-cordierite
at low temperature [9,10]. This polymorphism characteristic means
that sintering of the substrate at high temperature will lead to
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conversion of p-cordierite and [J-cordierite ir -cordierite, as the
most stable phase. With such properties, cordierite ceramic is
considered as a very promising structural materials, suitable for
various applications such as catalyst carriers for exhaust gas pur-
ification, heat exchanger for gas turbine engines [7,11], refractory
for furnaces, electrical and thermal insulation, filter, membranes
and heating elements [12,13].

Recognizing the important roles of cordierite in various in-
dustrial areas, production of cordierite has been continuously ex-
plored, a general, it is found that the formation of cordierite
phase is strongly dependent on the chemical composition, the
types of raw material, the presence of impurities, and the pre-
paration methods applied. Many attempts have been devoted to
prepare this material from different raw materials using different
methods. In previous study [14], solid-state reaction was applied
to synthesize cordierite from Al;03, MgO, and SiO;. In another
study [15], cordierite was synthesized from serpertine, kaolinite,
and alumina as raw materials, and found that the formation of
cordierite was achieved at sintering temperature of 1350 °C. The
same formation temperature was reported by others [16] using the
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Fig. 1. FTIR spectra of sintered samples at different temperatures (a) 1050 °C,
(b) 1110 °C, (¢) 1170 °C, (d) 1230 °C, (e) 1290 °C and () 1350 “C,

same method but different raw materials, including andalusite and
stevensite. Previous study also showed that o-cordierite,
MgAl,04/spinel and cristobalite formed at 1300 and at 1350 °C,
while at 1375 °C the only phase observed was o-cordierite [9].
&ral other studies have reported the synthesis of cordierite
rom a variety of raw materials such as alumina, kaolinite and
talcum [ 17], fumed silica, bauxite, and tafeZlh [18], talcum, kaoli-
nite, fieldspar, and sepiolite [1, 19|, and stevensite-rich clay and
andalusite using oil shale as a natural pore-forming agent [20].

Beside solid-state reaction, another method that has been ex-
tensively applied is sol-gel method. In previous study [21], this
metho@s been applied to prepare cordierite using silicon alk-
oxide, chelated aluminum sec-butoxid d magnesium acetate
as starting precursors, and found that the initiation of the p—o
cordierite transformation took place in the temperature range of
1000-1100 °C and a-cordierite was produced at 1200 °C. The study
using a mixture of aluminum isopropoxide, magnesium ethoxide,
and tetraethylorthosilicate in absolute ethanol revealed that p-
cordierite crystallized at temperature range of 950-1000 °C ac-
companied by the formation of spinel in small amount, and
transformation of p into o-cordierite started at about 1100 °C [22].
In another study [23] synthesis of cordierite from aluminum
chloride, magnesium chloride, and tetraethylgef¢hosilicate was re-
ported. The results obtained indicate that crystallization of p-
cordierite occurred at temperatdolbetween 900 and 1000 °C, and
transformed into o-cordierite at temperatures in the range of
1400-1450 °C. Slightly different result was reported by others [24],
who used silicic acid, magnesium and aluminum salts, as raw
materials, in which it was found that p-cordierite crystallization
occurred at 900 °C, followed by the formation a-cordierite at
temperature of 1200 °C and complete transformation of p into o-
cordierite at 1350 °C.

In general, the characteristics of refractory cordierite for ther-
mal insulator are influenced by complex relationship between
microstructure and crystalline phases having different thermal
expansions when subjected to high temperature and under ther-
mal shock condition. In overall, refractory material should exhibit
high thermal shock resistance, high fracture toughness, and low
thermal expansion. For these reasons, thermal resistance -
meters and thermal shock behaviors of refractory cordierite have
been the subject of extensive studies. Previous researchers [7,25]
have attempted to synthesize cordierite with excellent thermal
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gl. The x-ray di@on patterns of the sintered samples at different tem-
peratures (a) 1050°C, (b) 1M0°C, {c) N70°C, (d) 1230°C, (e) 1290 °C and
(F) 1350 °C. P: spinel, Q: p-cordierite, R: a-cordierite, S: cristobalite.

shock resistance by subjecting the raw materials into rapid and
severe changes in temperature. They found that microstructure
and sintering temperature strongly influenced the fracture
toughness and densification of cordierite. Considerable effort has
also been devoted to study the use of cordierite as the component
of refractory ial for high thermal applications [5,26], and
found that the fracture toughness increases with increasing sin-
tering temperature from 1250 to 1300 °C. Suzuki et al. 1992 [27]
have successfully prepared cordierite with high purity and
homogeneity, after the sample was sintered at 1300 °C

Related to raw materials for preparation of ceramics, rice husk is
a very attractive source of silica, primarily since this agriculture
residue is abundantly available, renewable, higlizfica content, and
simple extraction of the silica from the husk. In our previous in-
vestigations, active silica from rice husk was obtained by simple
acid leaching, and the silica has been used to produce several
ceramic materials include borosilicate [28], cordierite [29], car
[30], aluminosilicate [31], and mullite [32,33]. The potential of rice
husk as an excellent source of high-grade amorphous silica has also
been investigated in man; er studies |[34-36]. Furthermore, this
silica has been utilized for preparation of various valu aterials
such as solar grade silicon [37], silica carbide [38], magnesium-
alumina-silica [39], and lithium-aluminum-silica [40].

To take advantage of the its availability and excellent proper-
ties, this present study is aimed to evaluate the potential of rice
husk silica as an alternative to commonly used silica for produc-
tion of cordierite as refractory material for thermal insulation
purposes using solid-state reaction. The precursors produced then
subjected to thermal treatment in order to investigate the phase
development and physical properties. To gain insight on several
basic characteristics, the samples were characterized using various
techniques include FTIR spectroscopy for functionality analysis,
XRD technique for structure investigation, and SEM technique for
microstructure investigation.

2. Experimental methods

2.1, Materials

Raw husk used as a source of silica was from local rice milling
industry in Bandar Lampung Province, Indonesia. Al,O;, MgO
powders, KOH, HCI, and absolute alcohol (C:HsOH) were pur-
chased from Merck (kGaA, Damstadt, Germany).
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Fig. 3. XRD Rietveld plot for the sample sintering at temperature (a) 1110 “C and (b) 1350 “C. Theg;erved data are shown by the (+ ) sign, and the calculated data by a solid

line.

2.2, Procedure

2.2.1. Preparation of silica powder from rice husk

Rice husk silica was obtained using alkali extraction method
following the procedure reported in previous study [28,33]. For
extraction, 50 g dried and cleaned husk was mixed with 500 ml of
5% KOH solution in a beaker glass, followed by boiling of the
mixture 30 min. To optimize the extraction of the silica, the
mixture was allowed to cool to room temperature and left for 24 h,
followed by filtration using Millipore filter to separate the silica sol
from the residual husk. The sol was acidified by dropwise addition
of 5% HCI solution until conversion of the sol into gel was com-
pleted. The obtained gel was left for three days for aging, and then
rinsed repeatedly with nised water to remove the excess of
acid. The gel was oven dried at 110°C for eight hours and then
ground into powder.

2.2.2. Preparation of cordierite

Preparation of cordierite w rried out by mixing raw ma-
terials with the composition of Mg0:Al>04:5i0; of 2:2:5 by mass,
in accordance with the composition of cordierite as reported in
previous studies [12,29]. The raw materials were mixed with al-
cohol under magnetic stirring for 6 h. After the completion cahe
mixing process, the mixture was filtered and the solid was oven
dried at 110 °C for eight hours to love the adsorbed alcohol. The
solid was ground into powder by mortar and sieved to obtain the
powder with the size of 200 meshes. The powder was pressed in a
metal die with the pressure of 2 % 10* N/m? to produce cylindrical
pellet and the pellets were sintered at temperatures of 1050, 1110,
(b 1230, 1290, and 1350 °C, using temperature programmed
with a heating rate of 3 °C/min and holding time of 4 h at peak
temperatures.

2.3. Characterization

A Perkin Elmer FTIR was used to investigation of functional
groups. The sample was prepared by mixing with KBr of spectro-
scopy grade, and scanning the spectral range of 4000-400 cm .
The structure analysis was carried out using an automated Shi-
madzu XD-610 X-ray diffractometer at the National Agency for
Nuclea rgy (BATAN), Serpong-Indonesia. The operating con-
ditions used were Cukuo radiation (1 =815418), produced at 40 kV
and 30 mA, with a 0.15° receiving slit. Patterns were recorded over
goniometric (20) ranges fif)5° to 80° with a step size of 0.02,
counting time 1sfstep, and using post-diffraction graphite
meonochromator with a Nal detector. The diffraction data were
analyzed using JADE software after subtractin background
and stripping the CuKo2 pattern [41] and the refinements were

performed using Rietica program for Windows 95/98/NT ver-
sion1.70 [42]. The crystal structure models used in the calculation
were taken from the Inorganic Crystal Structure Data Base [43].

Microstructural analysis was co ted with SEM Philips-XL,
on polished and thermally etched samples. The examination of
poro: nd density was done according to Archimedes method
[44]. A Zwick tester was used to measure the Vickers hardness,
with three replicate measurements for each loading position.
Bending strength or Modulus Rupture (MOR) was determined by
the triple point method following the ASTM C268-70. The mea-
suring of thermal expansion coent was conducted using di-
latomet arrop Dilatometer), in the temperature range of 150-
600 °C at a heating rate of 5 °C/min. The linear thermal expansion
coefficient (@) was automatically calculated using the general
equation: a=(AL/L)(1/AT) where: (AL) is the increase in length,
(AT) is the temperature interval over which the sample is heated
and (L) is the original length of the specimen.

3. Results and discussions
3.1. Characteristics of synthesized refractory cordierite

To study p development, the samples subjected to sinter-
ing treatment at different te atures were characterized using
FTIR, XRD and SEM. The FTIR spectra in the wave number region of
2000-400cm ! are shown in Fig. 1(a)-(f). Fig. 1(a) s a broad
absorption band located at range of 1100-1000 cm ™', which
corresponds to the stretching vibration of Si-0-Si and supported
by the appearance of absorption at 460 cm ', as also mentioned in
the ture [45]. In addition, the wide and weak peak located at
700 cm~ " is commonly assigned to the stretching or Mg-0
indicating the presence of Mg-0-Al-0-5i bond. The other authors
reported that the bands centered at 720 cm~"' is associated with
the formation SiO4 tetrahedral and Mg-0-Al-0-Si bond [46].
Fig. 1(b)-(f) indicates the significant effect of thermal treatments
on the functionality of the samples. The most obvious change is
the shift of peaks associated with Al-0 and Mg-0 bonds, accom-
panied by the emergence of new peaks at 640, 615, 590, 460, and
430 cm ', assigned to Mg-0-Al-0-5i stretching modes (Fig. 1(d)-
(f)). These bands increase with increasing sintering temperatures,
confirming the existence of MgO. Al;05-Si0, structure, as sug-
ge: in previous studies [22,47].

Fig. 2(a)-(f) displays the XRD pattemf the samples sintered
at different temperatures. The phases identified with the PDF
diffraction lines using search-match method [48], clearly show the
presence of spinel (PDF-21-11520) with the most intense peak at
20=36.92°, y-cordierite (PDF-14-0249) at 260=13.45°, a-cordierite
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Table 1
Figure-of merits (FOMS) from refinement of XRD Data for the samples sintered at
different temperatures for 6 h.

Temp (*C) Rexp Rup Rp GoF
1050 11.36 14.34 11.76 1.58
1110 9.19 11.52 1n4 1.56
170 842 10.85 10.79 1.63
1230 9.52 10.25 11.56 1.21
1290 9.36 10.92 10.75 1.34
1350 9.46 987 9.65 1.08

Table 2

Weight percentage (wt®) from refinement of XRD data for the samples sintered at
different temperatures for 6 h. Estimated errors for the least significant digits are
given in parentheses, [P: spinel, Q: p-cordierite, R: a-cordierite, 5: cristobalite].

Temp (°C) R 3 P Q
1050 = 39.7[1] 329(5] 28.48]
1110 30.8(1] 401(5] 291(1] -
170 33.8[1] 39.6[4] 26.6(5] -

1230 90,53 4.7(4] 4.8(2] -

1290 91.8(2] 3.9(6] 4.3[4] -

1350 92.7(4] 3.8[2] 42[3] -

(PDF-13-0294) at 20=10.48°, and cristobalite (PDF-39-1425) at
20=21.2°. At 1050 °C (Fig. 2a) several phases with a noticeable
amount of p-cordierite, spinel and cristobalite are clearly detected
while o-cordierite is practically undetected. ever, the pre-
sence of y-cordierite is an indication that the reaction has started
toward the development of the a-cordierite phase. The presence of
cristobalite is most likely as a result of rice husk silica crystal-
lization during the heating, while the presence of p-cordierite may
be the consequence of inter-diffusion between spinel and cristo-
balite, and the spinel was formed by interaction of AlOg and MgOg
octahedral [22,47,49]. At 1110 °C, the p-cordierite was changed
into a-cordierite, and followed by the formation spinel and cris-
tobalite phases. These phases remained the same to 1170°C. A
further decrease in the p-cordierite phase following the increases
in sintering temperatures reflects th re intensive augmenta-
tion of a-cordierite phase formation as well as spinel and cristo-
balite. This behavic@s attributed to the phase transformation of
n-cordierite phase, leading to formation of MEEJ-AI-0-5i bond of
a-cordierite phase in the sample. Further increase of sintering
temperature from 1230 to 1350 °C caused the spinel and cristo-
balite phases disappeared almost completely, leading to formation
of a-cordierite. This finding is in agreement with the result of
previous study [50], in whic as suggested that the formation
of a-cordierite is most likely as a result of inter-diffusion between
cristobalite and spinel.

In order to obtain quantitative composition, Rietveld refine-
ment of XRD data was performed by the Rietica pmgram
sion1.70 [42]. After observation and calculation, the refined XRD
patterns of the samples sintered at 1110 and 1350 °C are shown in
Fig. 3(a)-(b). The best figures-of-merit for all samples were com-
d in Table 1. As indicated in Table 1, the results of refinement
converged for all samples with satisfactory es of goodness of
fit (GOF) as required by Rietveld analysis. The goodness-of fit (GoF)
(Table 1) values were relatively low, i.e all approximately less than
2%, which is considered as acceptable according to basic principle
of G@Ess than 4% and Rw, less than 20% [51,52]. These results
also provide quantitative information regarding the phases pre-
sent i sample, therefore could distinguish the phase compo-
sition of the samples sintered at different temperatures. Table 2
summarizes the weighrcentage (wt%) of various phases
formed in all samples at different sintering temperatures. As

24

shown in Table 2, the amount of cordierite Ereased as the sin-
tering temperature increased from 1110 to 1350 °C, suggesting that
the phase crystallized at 1110 °C to produce more cordierite. It was
also noticed that higher sintering temperature led to reduced
amount of cristobalite and spinel, while the amount of cordierite
increased. This result implies that more cristobalite reacted with
spinel to form cordierite. The reaction between cristobalite and
spinel was clearly indicated by the presence of only small amount
of cristobalite and spinel in the sample heat-treated from 1230 to
1350 °C.

The surface morphologies of the sintered samples at different
temperatures were characterized using SEM. The micrographs
presented in Fig. 4{a) emonstrates significant effect of sin-
tering temperatures on the size and distribution of the particles on
the surface. As displayed by the images in Fig. 4(a)-(c), the sur-
faces morphologies of the samples are marked by the existence of
particles with different grain sizes and distributions. The micro-
structure of the sample sintered at 1050 °C (Fig. 4a) reveals quite
different characteristic to that of the sample treated at 1110°C
(Fig. 4b). The sample prepared at 1050 C (Fig. 4a) is marked by
small grains with less evident grain boundaries, compared to those
observed for the other two samples (Fig. 4b-c). In addition, it is
obvious that the clusters in the sample prepared at 1050 °C are
surrounded by middle and fine grains. The large clusters are most
likely composed of p-cordierite, while the middle and fine grains
are spinel and cristobalite, respectively. The surface of samples
prepared at higher temperatures (1110 and 1170 *C) are dominated
by larger grains composed of w«-cordierite clusters and covered
some fine grains of cristobalite and spinel. Both samples are
marked by initiated coalescence of «-cordierite as a result of
p-cordierite crystallization. This feature suggests that at 1110 and
1170 °C, the cristobalite and spinel phases continue to change and
allowed the particles to rearrange, leading to initiation of the
formation of at-cordierite. This change is supported by the result of
XRD analysis for the sample sintered at 1050 °C presented in
Fig. 2a, in which no a-cordierite was detected. The formation o-
cordierite can be seen more clearly by inspecting the SEM mi-
crographs of the samples treated at temperature range of 1230-
1350 °C (Fig. 4d-f), which display intensified agglomeration on the
entire surface as the temperatures increased. This agglomeration
led to intensified formation of at-cordierite as indicated by the XRD
results (Table 2). This agglomeration phenomenon demonstrated
that at the temperature range of 1230-1350°C, the ¢ alite
phase has started to melt and reacted with the spinel phase to
form w-cordierite. Moreover, the microstructure of the samples
was found to display grains with relatively uniform sizes with
glassy surface without evident grain boundaries. These surface
characteristics suggested that at these temperatures the cristoba-
lite phase has been converted into liquefied silica which pene-
trated the spinel phase, thus promoting the formation of «-cor-
dierite as the dominant phase, as verified by the XRD results (See
Table 2). With the Rietveld calculation, it was found that the
quantity of cordierite increased sharply from 30.8 to 92.7 wt% as
temperature increased from 1110 to 1350 °C.

3.2, Physical characteristics of synthesized refractory cordierite

The physi roperties of the sintered samples at different
temperatures are shown @s, 5(a)-(b), 6{a)-(b) and 7. Fig. 5(a)-
(b) shows the changes in density and porosity of the sam sa
function of sintering temperatures. As can be observed, the density
and porosity of the sintered samples decrease sharply as the sin-
tering temperatures increase up to 1230°C, and beyond this
temperature, relatively lines of the two characteristics were
observed up to 1350 °C sintering temperature. As shown in Fig. 5a,
the densities of the sintered samples decrease from 3.50 to
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Fig. 4. The scanning electron microscopy (SEM) images of the samples sintered at different temperatures (a) 1050 °C, (b) 1110 °C, {¢) 1170 °C, {d) 1230°C, (e) 1290 °C,
(F) 1350 °C. Accelerating voltage 20 kV, working distance 11 mm. P: spinel, Q: p-cordierite, R: w-cordierite, S: cristobalite.

50
2.20 gfcm® gthe sintering temperature increased from 1050 to
1230 °C. The ty was slightly increased and reached the value
of 230 g/fcm® at the sintering tempe@ of 1350 °C. The slow
decrease of the density with increasing temperature up to 1170 °C
was attributed to the increased am of spinel and cristobalite
phases, followed by sharp decrease with increasing temperature
up to 1230 °C. The change in density was most likely due to con-
version of spinel and cristobalite into cordierite at 1230 °C, as
displayed by the XRD results presented in Table 2, in which the
significant changes in the quantity of the three phases were cal-
culated. These results are in accordance with the results of others

[53,54], in which it was reported that the density of spinel and
cristobalite phases is higher than that of cordierite. In thus@e—
vious studies, the density of spinel and cristobalite are 3.58 g/cm?
and 2.6 gJcm?®, respectively, while for cordierite, the value is
2.3 g/cm® were reported. mh

The sharp decrease of porosity with increasing temperature up
to 1230°C was attributed to increased formation of cordierite
phase, leading to decreased porosity. Beyond this temperature,
density and porosity are slowly increased, probably indicating the
domination of cordierite, narrower particles distances and also
smaller pore in the samples as a result of higher sintering
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temperature applied, which is in accordance with the surface
morphologies of the samples as seen in SEM results (Fig. 4(d)-(e)).
Moreover, the porosity was found to decrease as the sintering
temperature increased (Fig. 5b), which is in agreement with the
increase of the amount of cordierite (See Table 2). These findings
implied that at temperature of 1230 °C, the sample has reached
the vitrification point and transformed in glassy state, leading to
suppression of porosity, as has been also suggested by others [55].

Fig. 6 shows the change in hardness and bending strength of
thtered samples, indicating that both characteristics increased
as sintering temperature increased. As shown in Fig. Ga, the higher
the sintering temperatures, the larger the hardness, which implies
that the samples became more compact as a result of increased
amount of cordierite (Table 2). The bending strength is sharply
increased from sintering temperature of 1050 to 1230 *C and re-
latively stable up to 1230 °C, as indicated by the practically plat
line. This profile suggests that the bending strength can be con-
sidered as fully associated with the cordierite @se. From prac-
tical point of view, this finding demonstrates that the hardness
and bending strength of the samples can be controlled by con-
trolling the formation of the cordierite phase, which is very useful
for adjusting the suitability of the material for specified applica-
tions, such as insulator and conducting element in refractory de-
vices. Other factors that control the hardness and bending strength
are probably both the homogeneity of cordierite and the ar-
rangement of the particles as a result of higher sintering tem-
peratures appl hich is in accordance with the surface mor-
phology of the samples, as s in Fig. 4d-f.

Fig. 7 shows the change in thermal expansion coefficient of the
samples as a function of sintering temperatures. The results reveal
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Fig. 7. Coefficient of thermal expansion of the sintered samples at different
temperatures.

?it the thermal expansion coefficient of the samples decreased
slowly as the sintering temperatures incr from 1050 to 1170 °C
and then dropped drastically from 8.5 x 10 %/°C to 3.5 x 10~ 5/°C
when sintering temperatures increased from 1170 to 1230 °C, and
then slightly decreased to the final value of 3.3 x 10-6/°C at
1350 °C. It can be summarized that, as the sintering temperature
increased, the coefficient of thermal expansion decreased, most
probably due to the decrease in the amount of spinel and cristo-
halims supported by the previous study [ 17]. It is also found that
the coefficient of thermal expansion decreased as the amount of
cordierite increased and the porosity decreased. The trend ob-
served in this study concerning thermal expansion coefficient is
consistent with the relationship between thermal expansion
coefficient and the volume fraction of the sample as described in
the previous studies [56,57]. These previous studies explained that
thermal expansion coefficient was proportional to the volume
fractif materials in the composite and inversed with the por-
osity. It can be seen that coefficient of thermal expansion of spinel
is higher than those of cristobalite and cordierite, which are in
agreement with the results described in previous study [54]. More
specifically, it was reported that the coefficient of thermal ex-
panof spinel is 9 x 1075/°C and cristobalite is 2.6 x 1078/°C,
and thermal expansion ceefficient of cordierite is 2.65 x 10~5/°C
[19,58]. In accordance with t ove values reported by others, it
is then clear that decreased thermal expansion coefficient of the
sample investigated in this study is most likely associated with the
increased amount of cordierite, as a consequence of elevated sin-
tering temperatures, as confirmed by XRD results (See Table 2).

4. Conclusions

This study demonstrated that refractory cordierite was suc-
cessfully prepared using rice husk silica as raw materials. Sintering
treatment from 1050 to 1350 °C led the formation of cor-
dierite from the reaction between spinel and cristobalite phases.
The formation of cordierite phase was evidently revealed by the
XRD, in which at sintering temperatures of 1050 to 1170 °C the
major phases are p and a-cordierite, spinel and cristobalite, and
when sintering temperatures e further increased to 1230-
1350 °C, the cordierite emerged as a dominant phase, while spinel
and cristobalite are practically undetected. Phase transformation
was found to result in the change of the characteristics of the
samples which related to cordierite formation, including de-
creased porosity, density, and thermal expansion coefficient. It also
found that thermalefeatments led to increased hardness as well as
bending strength. Based on these characteristics, the samples are




5
5. Sembiring et al. / Ceramics International 42 (2016) 8431-8437 8437

considered as insulator, suggesting the potential use of the cor-
dierite in refractory devices.
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