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Abstract

Cordierite gel was synthesized by non-hydrolytic sol-gel route, starting from aluminum chloride, TEOS and magnesium chloride dissolved in
absolute ethanol. Crystallization of p-cordierite from gel at temperatures between 900 and 1000 °C was confirmed by differential thermal analyses,
X-ray and FTIR spectroscopy. Higher calcination temperature resulted in the transformation of - to a-cordierite. The value of Avrami parameter
n =2.23 for the p-cordierite crystallization indicates contribution of different simultaneous mechanisms: homogeneous nucleation and three-
dimensional crystallite growth due to homogeneity of gel and surface crystallization due to submicron particles of the gel.

© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The sol-gel process is useful technique for processing a
large number of technologically important glasses, glass—
ceramics and crystalline ceramics, mainly because of its ability
to generate stoichiometric materials of high purity with good
control over particle size [1]. To avoid problems due to the
different hydrolysis rates of alkoxides in hydrolytic sol—gel
routes, non-hydrolytic sol-gel processes based on the direct
condensation of the precursors in aprotic solvents, can be used.
Non-hydrolytic sol-gel process [2—4] includes the reaction
between alkoxides and halides of certain elements (Al, Si, Ti
and others), or between halides and organic oxygen compounds
(ethers, aldehydes, ketones and others). During the reaction
breaking of O-R bonds occurs, causing the formation of
oxygen bridges (—O-) and alkyl halides:

=SiOR + XSi= — =Si—0-Si= + RX

2(=SiX) + ROR — =Si—0-Si= + 2RX

22(=SiX) + R'C = 0 — =Si—0-Si= + R'CX,
2A1(OR")3 + AlX3 — 2Al0;, +3R"X

2AIX3 +3/2ROR — AlO3/, +3RX

2(X = Cl, Br; R, R = iso-propil, sec- or tert- butyl group)

* Corresponding author.
E-mail address: nht@tmf.bg.ac.yu (I. Jankovi¢-Castvan).

Many investigations are related to the synthesis and
characterization of various gels and metal oxides by the
non-hydrolytic route, such as Al,O5 [2,5-7], mullite [5,8,9],
Si0, [4,6], TiO, [3], SiO,—ZrO, [10], SiO,-TiO, [10],
ZrW,0g [11], aluminum titanate [12], zirconium titanate
[13].

Cordierite (2MgO-2A1,03-5Si0,) occurs in three poly-
morphous forms: hexagonal high-temperature form (o-
cordierite or indialite), orthorhombic low-temperature form
(B-cordierite) and metastable form (w-cordierite). Due to its
properties such as low thermal expansion coefficient, low
dielectric constant, high specific resistivity and relatively high
refractoriness [14] it is used in the manufacture of heating
element supports, refractory ceramics for furnaces, oven-ware
[15,16], insulating material in high-frequency electronics, as
well as substrates for integrated circuits and electronic
modules [17]. Special attention was paid to the application
of cordierite as a catalyst support in high-temperature catalytic
processes, especially in the conversion of the exhaust gases
(CO, NO,, hydrocarbons) from internal-combustion engines
[18,19].

It is difficult to produce dense cordierite ceramics by the
solid-state reaction without sintering aids, because of the
narrow sintering range near the incongruent melting point of
cordierite. These aids, on the other hand, increase the thermal
expansion coefficient and dielectric constant. For that reason,
recent studies on cordierite ceramics focused on the chemical
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synthesis of fine, reactive powders which can be sintered at
lower temperatures, without sintering aids.

Studies on the sol-gel synthesis of cordierite [20-22]
confirmed that from colloidal, triphasic gels, crystallization of
spinel and cristobalite (or quartz) occurred, forming o-
cordierite by reaction. From the monophasic, homogeneous
gels crystallization of w-cordierite occurs, transformed to o-
cordierite at higher temperatures.

In earlier studies there are no data on the cordierite synthesis
by the non-hydrolytic sol-gel route. The aim of this study was
the synthesis of cordierite gel by non-hydrolytic sol-gel route,
and investigation of the phase transformation during heat
treatment of the gel.

2. Experimental procedure
2.1. Synthesis and characterization

For the synthesis of cordierite gel, the following compounds
were used: tetraethyl orthosilicate—TEOS ((C;Hs0),S1)
(Fluka), magnesium chloride (MgCl,) (Fluka), aluminum
chloride (AICl;) (Fluka) and absolute alcohol (C,HsOH)
(Hemos). Reactants were of p.a. grade.

The reactants were mixed in a stoichiometric ratio for
cordierite (Mg:Al:Si = 2:4:5) in a glove box, and atmosphere of
nitrogen. Asafirststep, 10.93 g of AlCl; wasdissolvedin21.35 g
of TEOS while intensive stirring. Then, 3.91 g of MgCl, was
separately dissolved in 75g of absolute alcohol, stirring
vigorously. This solution was added stepwise to the solution
of aluminum chloride and TEOS. The mixture obtained this way
was heated in an autoclave at 150 °C for 3 h. The obtained gel was
transparent, pale yellow. The gel was dried at 100 °C, in a flow of
nitrogen, and calcined at temperature 650 °C for 2 h. White
powder was then calcined, in an atmosphere of air, at different
temperatures: 900, 1000, 1100, 1200, 1300 and 1350 °C for 2 h.

Differential thermal analysis (DTA) of the powder calcined
at 650 °C was performed in N, on SDT Q600 instrument, up to
the temperature of 1300 °C. The heating rate was 20 °C min "
and Al,O5 was used as a standard.

Phase composition of the powders calcined at various
temperatures was determined on the SIEMENS D500
diffractometer, with Cu Ka radiation in 26 angle range from
5 to 60°, with a 0.02° step.

FTIR analysis of the specimens was determined on the MB
BOMEM 100 HARTMANN and BRAUN spectrometer, within
a wave number range from 400 to 1600 cm™~'. The specimens
were prepared by the KBr method, in a mass ratio of specimen/
KBr = 1:100.

The SEM analysis of the powders obtained by calcination of
gel at 1000 °C was performed on the JEOL-T20. The powders
were previously fumed with the Pd-Pt alloy.

2.2. Determination of the kinetics of the phase
transformation

The phase transformation kinetics was studied on the gel
previously calcined at temperature 650 °C. The kinetic

Table 1

Values of n for different growth and nucleation conditions

Growth and nucleation conditions Diffusion Interface

Constant nucleation rate
Three-dimensional growth 52 4
Two-dimensional growth 32 3
One-dimensional growth 172 2

Constant particle number
Three-dimensional growth 32 3
Two-dimensional growth 2/2 2
One-dimensional growth 172 1
Surface nucleation 172 1

parameters were determined by the differential thermal
analysis, under non-isothermal conditions, up to 1100 °C at
heating rates of 10, 15, 20 and 24 °C min~'. The sample mass,
in all cases, was 170 mg.

The Avrami parameter, n, indicating a mechanism of
nucleation and growth mechanism, was determined using
Ozawa method [23] expressed by the following relation:

log(—In(1 — «)) = nlog(K(T — Ty)) — nlog Q ()

where « is the degree of transformation, Q the heating rate, 7,
the initial temperature, 7 the temperature recorded after time ¢,
K is a constant and »n is the Avrami parameter.

The plot of log(—In (1 — «)) versus log Q, at the chosen
temperature, results in a straight line and the value of n can be
determined from its slope. The value of o was determined from
a series of DTA curves obtained at various heating rates, from
the following relation:

S

a=—
So

2
where S is the partial peak area from the beginning of peak to a
chosen temperature and Sy is the total peak area. Data on the
early and final stages of transformations were not taken into
account, due to some limitations related to these stages [24] and
to application of most of the kinetic equations. Therefore, the
temperatures for which the degree of transformation, ¢, at all
heating rates lies in the range 0.2-0.7 were selected.

Values of parameter n, for different growth and nucleation
conditions [25], are given in Table 1.

3. Results and discussion

3.1. Phase transformations during thermal treatment of the
gel

Fig. 1 presents the differential thermal analysis curve for the
calcined gel at the heating rate of 20 °C min~ . First exothermal
peak at temperature 967 °C can be assigned to the crystal-
lization of p-cordierite from the amorphous phase, while
second exothermal peak at 1202 °C probably corresponds to the
. — a-cordierite transformation [21,26,27]. There is one more
exothermal peak at 1257 °C. In order to determine which
processes or reactions really corresponding to the mentioned
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Fig. 1. DTA curve of the cordierite gel calcined at temperature 650 °C for 2 h
(heating rate 20 °C min ™).

exothermal peaks, the gel was calcined at temperatures 900,
1000, 1100, 1200, 1300 and 1350 °C.

Fig. 2 presents the diffractograms of the powders obtained
by calcining cordierite gel at temperatures 900, 1000, 1100,
1200, 1300 and 1350 °C for 2 h.

An intense and sharp peak corresponding to p-cordierite has
been observed in the diffractogram of the powders obtained by
calcining cordierite gel at temperatures 900, 1000, 1100 and
1200 °C, as well as somewhat weaker peaks corresponding to
spinel [21]. This confirms that peak at 967 °C on DTA curve is a
consequence of the crystallization of p-cordierite. With the
increasing of calcining temperature from 900 to 1200 °C, the
intensity of peaks corresponding to p-cordierite slightly
change, while the intensity of peaks assigned to spinel is
increasing. The diffractograms of the powders obtained by

o [¢] a g @

o N | | 1 3
1820°C 'Jlm:ﬂwlh@'lw e Pmtn N P

(< R ey 1 . .1 DR P A
o, N ! & | 4
1200°C ot S P A

1100°C

1000°C e N n

800 °C

0 10 20 30 40 50 60

Fig. 2. Diffractograms of the powders obtained by calcining gel at temperatures
900, 1000, 1100, 1200, 1300 and 1350 °C for 2h (w: p-cordierite; a: a-
cordierite; S: spinel).

calcination at temperatures 1300 and 1350 °C are very similar,
and fully corresponding to a-cordierite. On the basis of these
diffractograms it can be concluded that the transformation from
- to a-cordierite occurs within a temperature interval from
1200 to 1300 °C. Furthermore, it is obvious that at the same
temperature interval, a-cordierite is formed also by the reaction
[28] between spinel and amorphous SiO, since diffractogram of
the powder calcined at 1300 °C indicates the disappearance of
peaks associated with spinel. The results of X-ray analyses
confirm that first exothermal peak at DTA curve corresponds to
the crystallization of p.-cordierite and second exothermic peak
corresponds to p — a-cordierite transformation. Third
exothermal peak obviously corresponds to the formation of
a-cordierite by the reaction of amorphous SiO, and spinel.
Spinel crystalization ocurrs at the same temperature interval as
well as the crystallization of p-cordierite.

The results of FTIR spectroscopy of the powders obtained by
calcining cordierite gel at temperatures 900, 1000, 1100, 1200,
1300 and 1350 °C are presented in Fig. 3.

In the FTIR spectrum of powder, obtained by calcination of
the gel at 900 °C, bands characteristic for p-cordierite [29] at
~450, ~940 and ~1100 cm_l, and band characteristic for
spinel [30,31] at ~560 cm ', can be observed. These bands are
more intensive in FTIR spectrum of the powder, obtained by
calcination of the gel at temperatures 1000 and 1100 °C. In
addition, the presence of new bands at ~700 and ~790 cm”!
has been observed, characteristic of spinel [30,31]. The FTIR
spectrum of the powder obtained by calcining the gel at
temperature 1200 °C indicates the beginning of transformation
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Fig. 3. FTIR spectra of the powders obtained by calcining gel at temperatures
900, 1000, 1100, 1200, 1300 and 1350 °C for 2 h.
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Fig. 4. SEM micrograph of the cordierite powder obtained by gel calcination at
temperature 1000 °C for 2 h.

of p-cordierite to a-cordierite. Despite the fact that the
diffractogram of this powder indicates the presence of .-
cordierite and spinel, FTIR spectrum shows appearance of
bands splitting typical for w-cordierite, as well as the incipient
formation of the bands corresponding to a-cordierite [29]. In
the FTIR spectra of the powders obtained by calcining
cordierite gel at temperatures 1300 and 1350 °C the following
bands distinctive for a-cordierite were observed: band at 470
and 580 cm ™! corresponds to Si—O bond vibrations and MgOg
octahedra, respectively, while band at 770 cm ™" is associated
to a six-membered ring of tetrahedra within the cordierite
structure. Two more bands at 950 and 1180 cm ™' are related to
vibrations of AI-O bond within a tetrahedron [29]. These
bands are more intensive in the spectrum of the powder
calcined at 1350 °C, indicating a higher degree of crystallinity.
The results of the FTIR spectroscopy confirm the conclusions
about the phase composition, drawn on the basis of the X-ray
analysis.

Micrograph of the cordierite powder obtained by calcining
gel at 1000 °C is presented in Fig. 4. It has been observed, from
this figure, that the particles are spherical, with a relatively
uniform size distribution and mainly within a range of 200-
300 nm.

3.2. Crystallization kinetics of -cordierite

DTA curves of the powder obtained by calcinations of
cordierite gel at temperature 650 °C, at the heating rates of 10,
15, 20 and 24 °C min~' are presented in Fig. 5.

An exothermic peak, observed in the DTA curve, shifts
towards higher temperatures, as the heating rate increases.
According to the results of both, the X-ray and FTIR analyses,
this exothermic peak corresponds to the crystallization of .-
cordierite.

From the dependence log(—In(l — «)) versus log Q, at
955 °C, illustrated in Fig. 6, for a peak corresponding to
crystallization of p-cordierite, value of the Avrami parameter n
can be obtained by the Ozawa method (Eq. (1)).

968.9
2 967.0 24°C min-1
956.3
§ 20°C min-1
o
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953.2

10°C min-1
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Fig. 5. DTA curves of the cordierite gel calcined at temperature 650 °C for 2 h
(heating rates 10, 15, 20 and 24 °C min’l).

The value of parameter n, from the slope of the straight line
in Fig. 6, was 2.28. The values of the parameter n at
temperatures of 955, 958, 960, 962 and 965 °C, determined in
the same way, are presented in Table 2. The mean value of the
Avrami parameter n for the crystallization of p-cordierite was
2.23.

On the basis of Avrami parameter value, dominant
mechanism of crystallization of p-cordierite cannot be
suggested. If the dominant mechanism is crystallization from
homogenous monophasic gels, with constant nucleation rate

7 ]
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Fig. 6. Dependence log(—In(1 — «)) versus log Q at the temperature of 955 °C
for the peak corresponding to p-cordierite crystallisation.
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Table 2

Values of the Avrami parameter n at various temperatures

T(°C) n
955 2.28
958 2.31
960 2.10
962 242
965 2.07

and three-dimensional growth, the value of parameter n will be
4. Petrovic et al. investigated [21,31] the kinetics of -
cordierite crystallization from alkoxy-derived cordierite gel,
obtained by hydrolytic sol-gel process, and obtained the
theoretically expected value for the homogeneous gels, n = 4.
Lim and Jang [22] also investigated kinetics of p-cordierite
from the monophasic gels of cordierite composition, by the
isothermal process. Expected value n = 3 has been found for a
gel with the addition of p-cordierite crystal seeds, and n =2.7—
3.1 without the addition crystal seeds, differing considerably
from a theoretically expected value n =4 for crystallization
from homogenous monophasic gels. These authors assumed
that in this case, a surface nucleation and two-dimensional
growth occur.

Value of n=2.23, obtained in this study, is considerably
different from the theoretically expected value of n=4 for
homogenous gels. Considering the results of X-ray, FTIR and
SEM analyses, it can be assumed that different mechanisms of
p-cordierite crystallization influenced the value of parameter n:
homogenous nucleation and three-dimensional crystallite
growth (n = 4) as well as surface nucleation and crystallization
(n=1). Micrograph of the cordierite powder, obtained by
calcining gel at 1000 °C, shows particles of submicron size,
therefore a significant contribution of surface nucleation and
crystallization can be expected. Also, the value of parameter n
for crystallization of p-cordierite can be influenced by
crystallization of spinel which takes place in the same
temperature interval. From this observations, it can be
suggested that the value of parameter n=2.23 for the
crystallization of p-cordierite is the result of various
mechanisms contribution.

4. Conclusion

In summary, the present work demonstrates that cordierite
can be synthesized using a non-hydrolytic sol-gel approach, by
the reaction of metal chlorides and alkoxide precursor. The
crystallization of p-cordierite induced by heat treatment of the
gel proved its homogeneity, but the appearance of spinel
crystallization at the same temperature indicates certain gel
inhomogeneity. In the temperature interval from 1200 to
1300 °C the a-cordierite was formed by the transformation of
p-cordierite, and also by the reaction of spinel and amorphous
SiO,. This way, the heat treatment of the gel at 1300 °C yielded
pure a-cordierite.

The value of Avrami parameter n = 2.23, for the p.-cordierite
crystallization, determinated by the Ozawa method, indicates
contribution of different simultaneous mechanisms: homo-

geneous nucleation and three-dimensional crystallite growth
due to homogeneity of gel and surface nucleation and
crystallization due to submicron particles of the gel.
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