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Homogeneous distribution of mullite in the matrix of alumina can
be obtained through sol-gel method. In this work, nanopowder of
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and high purity. Aluminum chloride hexahydrate and tetraethyl
orthosilicate were used instead of alumina or mullite nanopowder.
Keywords:
Studying the simultaneouse thermal analysis (STA) of mullite
precursor reveals two endothermic peaks at 145 and 240°C due to
Sol–gel processes
Nanocomposites
dehydration and removal of the molecular water and the chloride
Al2O3
component. An exothermic peak is also detected at 855°C.
According to the XRD patterns of alumina-15vol.% mullite
precursors calcined at different temperatures, crystallization of
transitional alumina phases (γ, κ) occurs approximately at 800°C.
Then these phases transform to α alumina approximately at
1000°C. XRD patterns of alumina-15%vol. mullite calcined at
different temperatures show peaks of mullite related to 1000°C.
The specific surface area of this nanopowder calcined at 900°C
was calculated to be 120.9±0.5 m2/g. The nanopowder was
observed by TEM.
better thermal shock resistance [4-6].
1. Introduction
Meanwhile, mullite has low toughness and
hardness [7]. Small addition of mullite from 5
Alumina has been used in different applications
to 15%vol. is believed to retain the desirable
such as sandblast nozzles, abrasive materials,
hardness and toughness properties [8].
insulating refractory linings of furnaces, seals ,
Several methods can be used to produce fine
thermocouple wire protection in electrical
powder ceramics with high purity [9] such as
devices and armors because of its mechanical,
evaporation, spray drying, freeze drying,
physical and chemical properties (high
hydrothermal technique and hydrolysis and using
hardness, good wear resistance, high melting
plasma for powder synthesis. The sol-gel method
point, low thermal conductivity, good electrical
has thefollowing advantages over the other
and chemical resistance) [1-3]. On the other
techniques:
hand, mullite in the alumina matrix reduces the
High purity ceramic is obtained because of
Young’s modulus and thermal expansion
coefficient of the composite which leads to
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previous purification procedures such as
distillation or recrystalization which are
assumed to be essential steps for liquids or
alkoxides,
High homogeneity multi-component ceramics
and composite ceramics are obtained since the
energy and the synthesis temperature is low
enough,
It is possible to prepare various special types
of materials such as thin films, coatings and
fibers because it is very easy to control the
reaction conditions [9-11].
Mullite is one of the most extensively studied
crystalline phases through Al2O3-SiO2 binary
system due to its low thermal expansion, good
thermal and chemical stability and high creep
resistance [12]. Mullite is extracted from
different sources of silica- and aluminacontaining materials. Roy [13] first used tetra
ethyl orthosilicate (TEOS) and aluminum
nitrate nanohydrate (ANN), thereafter it has
been used as organic/inorganic source for the
synthesis of mullite precursor through sol-gel
technique [14-28]. Usually, mullite precursors
form t-mullite and Al-Si spinel of varying
ratios at 980°C and then complete o-mullite
formation at second stage of transformation
occur at 1250°C [14].
The aim of this work is to synthesize
nanopowder of alumina-mullite composite with
high homogeneity and high purity via sol-gel
method. Aluminum chloride hexahydrate and
tetraethyl orthosilicate were proposed instead of
alumina or mullite nanopowder. Then
simultaneous thermal analysis, BET technique,
XRD and microstructure analysis were performed
for the characterization of the nanopowder.
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condensation, the gel was dried at 120°C for
24h and then ground in an agate mortar. The
precursors
of
mullite
and
alumina15vol.%mullite were calcined at 400-1600°C
for 2h. The rate of heating was chosen to be
5°C/min. Calcined powders were milled using
alumina balls and absolute ethanol. The
flowchart of the procedure is depicted in Fig1.
Thermogravimetric and differential thermal
analyses (TG, DTA) of the mullite precursor gel
and of the dried alumina precursor gel were
performed using a Netzsh STA 409. TGA/DTA
test were done under the condition of flowing air
with heating rate of 10°C/min up to 1575°C.
XRD was also carried out for phase
characterization of the calcined powder using
CuKα radiation. Nitrogen adsorption/desorption
of the alumina-15vol.% mullite precursor
calcined at 900°C was performed on ASAP2010
Micrometrics. Isothermal curves were sketched
and specific surface areas were calculated using
BET technique. Pore volume and pore size
distribution were also obtained from desorption
isotherm via analysis of Barret, Joyner and
Halenda [29]. For nonporous particles, the mean
particle size (d) of the powder can be calculated
from its specific surface area using the following
equation [29]:
[1]
d  SF/( SSA  ñ )
Where SF is the shape factor and equals to 6 for
a spherical powder, SSA is the specific surface
area and ρ is the apparent powder density [29].
The apparent density of the calcined alumina15vol.% mullite precursor at 900°C was
measured using a helium picnometer
(Micromeritics 1035). Microstructure analysis of
this powder was carried out by Philips EM208S
TEM instrument operating at 100keV.

2. Experimental
The alumina-mullite powder was synthesized
using AlCl3.6H2O (Merck 101084) dissolved in
distilled water and TEOS (Sigma-Aldrich
131903) dissolved in absolute ethanol
(C2H5OH) via sol-gel technique.
Based on the stoichiometric ratio of mullite
and its dependence on the desired volume
percentage of mullite (0, 15 and 100vol.%),
aqueous solution of AlCl3.6H2O with the
required amount of the alcoholic solution of the
TEOS was refluxed at 60°C for 24h. After

3. Results and Discussion
Fig 2 presents the curves of DTA and TGA
related to the dried gel of alumina precursor
(Fig2(a)) and the gel of mullite precursor
(Fig2(b)). DTA curve of the dried gel of
alumina precursor reveals some endothermic
peaks at 220°C, while its TGA curve shows a
weight loss around this temperature. According
to fig2 (a), the weight loss disappeared around
850°C. Thus, the calcination should be done
around 900°C. The DTA curve of the mullite
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AlCl3.6H2O + H2O
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TEOS + C2H5OH

Reflux at 60oC

Aged at 60oC

Drying at 120oC

Grinding

Calcination

Wet milling

Drying at 120oC

Nanopowder

Fig. 1. The flowchart of the alumina–mullite nanopowder processing
precursor gel has two endothermic peaks at 145
and 240°C, whereas the TGA curve is
accompanied by a weight loss of about 80% up
to 400°C and reveals less change at higher
temperatures. This behavior can be attributed to
dehydration and removal of the molecular
water and the chloride component [30, 31].
DTA curves reveal an exothermic peak at
855°C because of the crystallization of
transitional alumina according to the XRD
patterns.
Fig 3 presents XRD patterns of (a) the
alumina-15vol.% mullite and (b) the mullite
precursor calcined at different temperatures
(400-1600°C). Figures 3.a and 3.b show the

formation of transitional alumina (γ, κ) around
800°C. The XRD patterns of alumina-15vol.%
mullite which was calcined at different
temperatures (Fig 3. a), shows that the
transitional alumina transforms to α-alumina at
1000°C. The mullite peaks are also detected
later. Not only mullite is formed at 1000°C
(Fig. 3), but also there is some γ-alumina found
at 1000 and 1100°C. At higher temperatures,
just the mullite peaks can be observed for this
sample (Fig 3. b).
Fig 4 presents isotherm patterns of nitrogen
adsorption-desorption of alumina-15vol.%
mullite precursor calcined at 900°C for 2h. It
can be seen that the powder exhibits the Type
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Fig. 2. DTA/TGA for (a) dried gel of alumina precursor and (b) the gel of mullite precursor

IIb group with the presence of mesopores [29].
The shape of the curve and the hysteresis loop
(H3-type) can justify the presence of
aggregates containing platy particles (alumina
shows this typical behavior) with the presence
of non-rigid slit-shaped pores which were
formed by the aggregates. These platy particles
can be observed in the TEM micrograph. Fig 5
shows TEM image of the alumina composite
nanopowder heat treated at 900 °C. Most of the
particles are platy in shape. Some agglomerates
exist in the powders which are attributed to
uncontrolled coagulation during synthesis.
The analysis of nitrogen adsorptiondesorption is summarized in Table 1. It also
shows the density of this sample and its mean

particle size calculated from equation (1). The
BET surface area and the density were
calculated to be 120.922 ± 0.532 m2/g and
3.637 ± 0.003 g/cm3, respectively and the mean
particle size has the value of 13nm. However,
some platelets are observed in Fig5 and
equation (2) is applied for equal-sized platelets
with thickness of t [32]. This would now be
able to explain the apparent discrepancy.
[2]
SSA  2 / (t  ñ)

4. Conclusions
In this work, alumina-mullite nanopowder is
synthesized by aluminum chloride hexahydrate
and tetraethyl orthosilicate via sol-gel technique.
The findings can be summarized as below:
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Fig. 3. XRD patterns of (a) the alumina-15vol.%mullite composite and (b) the mullite precursors calcined at
different temperatures
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Fig. 4. Nitrogen adsorption–desorption isotherm of the alumina-15%mullite calcined at 900oC for 2h
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Fig. 5. TEM micrograph (bright field) of the
alumina-15vol.% mullite calcined at 900oC for 2h
Table 1. Properties of alumina–15vol.%mullite
calcined at 900oC for 2h
BET Surface Area [m²/g]

120.922 ± 0.532

Surface Area of pores [m²/g]

123 .611

Total Pore Volume [cm³/g]
Mean Pore Diameter
(4V/A by BET)
Density (ρ) [g/cm3]

0.513

3.637 ± 0.003

Mean particle size (d) [nm]

13.128

17.018

1. Transitional alumina (γ/κ) is crystallized at
800°C. Itis transformed into α-alumina at
1000°C.
2. The mullite formation starts from 1000°C
with the presence of γ-alumina. At 1200°C, it
will be completed and there will be no γalumina.
3. The BET surface area and the mean particle
size of the alumina composite powder, calcined
at 900°C for 2h, are found to be 120.9 ±
0.5m2/g and 13nm, respectively.
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