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Abstract

The purpose of the research was to investigate crystallization behavior and sintering of cordierite synthesized by a low-price aqueous sol–gel

route starting from silicic acid and magnesium and aluminum salts. Viscous sintering of the gel occurred in the temperature range of 800–850 8C,

followed by m-cordierite crystallization at about 900 8C, which proves the homogeneity of the gel. Decreasing of m-cordierite crystallinity in a

wide temperature range prior to commencing of a-cordierite crystallization at about 1200 8C indicates reconstructive type of m- ! a-cordierite

transformation. The transformation was fully completed at 1350 8C. The value of the Avrami parameter indicates that m-cordierite crystallization

was controlled by surface or interface nucleation, which implies that viscous sintering occurred in the primary gel particles, which leads to

shrinkage, and thereafter nucleation occurred on the surface or interface of the particles. The overall activation energy of m-cordierite

crystallization was 382.0 kJ/mol. The sinterability of the powder obtained by calcination at 1300 8C, where well-crystallized a-cordierite

was formed, was better than that of the powder obtained by calcination at 850 8C, where the most intensive shrinkage occurred before the onset of

crystallization of m-cordierite.
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1. Introduction

Dense cordierite-based ceramics are promising materials for

technological applications due to their low thermal expansion

and dielectric constant, and high chemical and thermal stability.

Cordierite ceramics can be prepared by conventional methods,

but it is difficult to sinter cordierite because of the narrow

sintering range just below its incongruent melting point [1–3].

Some attempts have been made to improve the sinterability

of cordierite by applying of sintering aid [4–8] or by using of

cordierite powders with favorable sintering behavior [9–19].

Addition of sintering aid resulted in a decrease of the

temperature of cordierite formation and an increase of the

density of the sintered materials, but these aids, on the other

hand, increase the thermal expansion coefficient and dielectric

constant. Thus, the preparation of a homogeneous and fine
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cordierite powder that can bi sintered without sintering aids is

considered to be highly desirable [8–19].

It is well known that the sol–gel method has the advantages of

excellent control of the chemical composition and the possibility

of reducing the sintering temperature [20]. In recent years,

cordierite powders and materials have been produced by the sol–

gel method using alkoxides [9,11,18,21,22], but the starting

materials are very expensive and the fabrication processes are

complicated. Colloidal processing [11,17,23–26] is considered

an effective method for the preparation stoichiometric cordierite

from starting materials that are cheaper than alkoxides and, at the

same time, the sintering temperature is decreased and the density

improved without the deterioration of the properties. It was

shown that from colloidal, three-phase gels, crystallization of

spinel and crystobalite (or quartz) occurred, which react forming

a-cordierite [11,17,23–26], while from homogeneous mono-

phasic gels obtained using alkoxides, m-cordierite crystallizes

which is then transform into a-cordierite [9,11,18,21,22].

In this work, cordierite was synthesized by a low-price sol–

gel method, starting from silicic acid and magnesium and
d.
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aluminum salts. Phase transformation and shrinkage during

heating, the kinetic parameters of cordierite crystallization and

the sintering behavior of cordierite powders were investigated.

2. Materials and methods

2.1. Synthesis

For the synthesis of cordierite (2MgO�2Al2O3�5SiO2)

powder, Mg(NO3)2�6H2O and Al(NO3)3 9H2O were dissolved

in an aqueous solution of silicic acid. The silicic acid was

obtained by passing sodium silicate through a column filled

with a cation exchanger in the H+ form, whereby an exchange

of the Na+ ions from sodium silicate with the H+ ions

occurred. To prevent condensation, a 2% solution of silicic

acid of pH � 3.4 was used. The reactants were mixed in a

stoichiometric ratio for cordierite and the mixture was gelled

by heating and stirring with a magnetic stirrer. The obtained

transparent gel was dried at 100 8C, ground and calcined at

600 8C for 2 h to remove all the thermal decomposition

products. The obtained white powder was then calcined at

different temperatures: 850, 900, 1000, 1100, 1200, 1300 and

1350 8C for 2 h in a programmable furnace under static air

conditions.

2.2. Characterization

Differential thermal and thermogravimetric analysis (DTA

and TGA) of the powder obtained by gel calcination at 600 8C
was performed on an SDT Q600 instrument, up to a

temperature of 1380 8C. The heating rate was 20 8C/min

and Al2O3 was used as the standard. The sample mass was

5 mg.

The phase composition of the powders obtained by gel

calcination at various temperatures was determined on an

ITAL STRUCTURES APD 2000 diffractometer equipped

with a back monochromator operating at a tube voltage of

40 kV and a tube current of 30 mA, using a copper cathode as

the X-ray source (l = 0.15406 nm), in the 2Q angle range

from 108 to 808. A step size of 0.028 and a time per step of

0.5 s were used.

FTIR spectra of the dry gel and powders obtained by gel

calcination were recorded on a MB BOMEM100 HARTMANN

and BRAUN spectrometer, within the wave number range from

400 to 1250 cm�1. The specimens were prepared with KBr at a

mass ratio of specimen to KBr of 1:100.

The morphology of the gel was studied by scanning electron

microscopy (SEM), using a Jeol JSM-5800 at 20 kV, and

transmission electron microscopy (TEM), using a JEOL T-100.

Prior to SEM analysis, the gel was coated with gold using a

splutter coater. The sample for TEM analysis was prepared by

dispersing the gel in ethanol and applying a drop of very dilute

suspension onto carbon-coated grids.

The relative linear shrinkage of the compact of powder

obtained by gel calcination at 600 8C was acquired using

heating microscopy (E. LEITZ) up to 1430 8C, at a heating rate

of 10 8C/min.
2.3. Kinetics

The crystallization kinetics of cordierite was studied on a gel

previously calcined at 600 8C. The kinetic parameters were

determined by differential thermal analysis under non-isother-

mal conditions at heating rates of 5, 10, 15 and 20 8C/min up to

1100 8C. The experiments were performed in the air, and Al2O3

was used as the reference material. The sample mass, in all cases,

was 170 mg.

2.4. Sintering

The cordierite powders for the sintering investigation were

obtained by gel calcination at a temperature where a-cordierite

was formed or at a temperature where densification without

crystallization of the silica-containing component occurred. So,

dried and ground gel was calcined at either 1300 8C or 850 8C
and then powders were ground for 3 h at 400 rpm in a mill with

an alumina chamber using alumina balls. The so-obtained

powders were uniaxialy pressed at 400 MPa and sintered at

1430 8C. The surfaces of the sintered materials were polished

and thermally etched (1350 8C, 30 min with a heating rate of

20 8C/min) in order to observe their microstructures by SEM

(Jeol JSM-5800).

The densities of the sintered samples were determined by the

Archimedes method. The relative densities were calculated

from the density of the a-cordierite (2.51 g/cm3) as the

theoretical density. The sintered samples were tested for

microhardness and indentation fracture toughness. Microhard-

ness (H) was measured with a Vicker’s indenter. KIC values

were calculated using the formula [27]: KIC = 0.0824 P�c3/2,

where P is the indentation load and c is the length of the induced

radial crack.

3. Results and discussion

3.1. SEM and TEM of the dry gel

The morphology of the ground dried gel is shown in Fig. 1a,

in which particles of irregular sizes and shapes can be seen. On

the TEM image (Fig. 1b), primary particles of dry gel are

observable. It is obvious that the dry gel is very porous, which

implies that the dry gel contains high chemical energy.

3.2. Phase transformations during thermal treatment of the

gel

The results of the DTA and TGA of the gel calcined at

600 8C for 2 h are given in Fig. 2. DTA and TGA were realized

on calcined gel in order to eliminate all products of thermal

decomposition and thus to enable a better registration of the

phase transformations.

The endothermal peak at 125 8C on the DTA curve

corresponds to desorption of physically absorbed water. This

peak is accompanied by a relatively high weight loss, despite

the previous calcination, which can be explained by high

humidity adsorption from the air. The exothermal peak at
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Fig. 1. (a) SEM of ground dry gel; (b) TEM of ground dry gel.
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987 8C can be assigned to spinel and crystoballite crystal-

lization, as in three-phase colloidal gels [11,17,23–26], or to m-

cordierite crystallization, as in monophase alkoxide-derived

gels [9,11,18,21,22]. Thereafter, the peak at 1305 8C corre-

sponds to a-cordierite formation by spinel and crystoballite

reaction or by m-cordierite transformation. Endothermal shifts

in the DTA baseline prior to the crystallization peaks are

evident on the DTA curve. The first shift (at 850 8C)

corresponds to a gel ! viscous liquid transition, e.g., viscous

sintering of the gel. It can be seen from Fig. 3 that intense

shrinkage of the gel occurs in the temperature range of 800–

900 8C, which confirms that the first endothermal shift in the

DTA baseline corresponds to viscous sintering.

It is assumed that the second shift (at 1225 8C) indicates

some structural changes prior to a-cordierite formation, but this

can be confirmed by X-ray diffraction analysis. In addition, it is

assumed that the endothermal peak at 1350 8C does not

corresponds to a-cordierite melting, because during the

thermal-microscope analysis until 1430 8C, melting was not

registered. It is possible that this peak indicates the formation of

some liquid phase after a-cordierite formation, which is liquid

for liquid phase sintering.

In order to determine the nature of the processes

corresponding to the mentioned peaks and shifts, the phase

composition of powders obtained by the gel calcination at 600,
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Fig. 2. DTA and TGA curves of a gel calcined at 600 8C for 2 h.
850, 900, 1000, 1100, 1200, 1300 and 1350 8C were

determined. The X-ray diffractograms of these powders are

presented in Fig. 4.

The diffractograms of the powders obtained by gel

calcination at 600 and 850 8C revealed that the gel remained

amorphous up to 900 8C. At 900 8C, crystallization of the m-

cordierite and spinel phases appeared. The diffractograms of

the powders obtained by gel calcination at 900, 1000 and

1100 8C show intense and sharp peaks corresponding to m-

cordierite and weak peaks corresponding to spinel. According

to this, it may be said that the first exothermal peak on the DTA

curve (at 987 8C) corresponds to m-cordierite crystallization,

because gel calcination during 2 h ensures crystallization at a

lower temperature than in the DTA experiments due to inertia in

the latter case. Crystallization of m-cordierite at about 1000 8C
is proof that the gel is monophasic and homogeneous. The

presence of spinel indicates either non-stoichiometry or some

inhomogeneity in the gel. On increasing the temperature from

900 to 1100 8C, the intensity of the peaks corresponding to

spinel increased, while the peaks corresponding to m-cordierite

become lower and wider, which indicate a decrease in
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Fig. 3. Relative linear shrinkage of a calcined gel compact.
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Fig. 4. X-ray diffractograms of the powders obtained by gel calcination at

600 8C (a), 850 8C (b), 900 8C (c), 1000 8C (d), 1100 8C (e), 1200 8C (f),

1300 8C (g) and 1350 8C (h) (S - spinel, a - a-cordierite, m – m-cordierite).
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Fig. 5. FTIR spectra of the dry gel and the powders obtained by gel calcination

at 600, 850, 900, 1000, 1100, 1200, 1300 and 1350 8C.
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crystallinity. m-Cordierite crystallinity decrease in a wide

temperature range prior to a-cordierite crystallization indicates

reconstructive type of transformation (structural rearrange-

ment) [28], meaning that bonds are broken and atoms are

rearranged. Obviously, it is required for the m-cordierite

structure to partially destroy prior to comencing of a-cordierite

crystallization, so the new a-phase will form out of this

disordered structure. Accordingly, it can be assumed that

endothermal shift at 1225 8C corresponds to transition

temperature of disordered structure from which a-cordierite

crystallization occurs (peak at 1305 8C).

The diffractogram of the powder obtained by gel calcination

at 1200 8C shows peaks correspond to m- and a-cordierite,

indicating that the a-cordierite formation started at tempera-

tures below 1200 8C, while the DTA results exhibited a peak

corresponding to the m- ! a-cordierite transformation

appeared at about 1300 8C. It is obvious that during calcination

for 2 h, the transformation occurred at a lower temperature than

during the DTA experiments. The slight expansion of the gel

compact in the temperature interval 1100–1300 8C (Fig. 3) can

be explained by m- ! a-cordierite transformation, because the

density of a-cordierite is smaller than that of m-cordierite. On

calcination for 2 h at 1300 8C, the transformation m- ! a-

cordierite was almost completed, while at 1350 8C, it was fully

completed. The peaks corresponding to a-cordierite on the

diffractogram of the powder obtained by calcination at 1350 8C
are intense and sharp, which indicate good crystallinity of the

obtained powder. This result confirmed that the endothermal

peak at 1350 8C does not correspond to cordierite melting. In
addition, there are no peaks corresponding to mullite, which

means that incongruent melting of cordierite did not occur.

The results of FTIR spectroscopy of the dry gel and the

powders obtained by gel calcination at 600, 850, 900, 1000,

1100, 1200, 1300 and 1350 8C are illustrated in Fig. 5.

Bands corresponding to Si–O bonds are evident in the FTIR

spectra of the dry gel [16–19]: a broad band with a minimum at

about 1090 cm�1, a shoulder at about 1200 cm�1 and bands at

605 cm�1 and 465 cm�1. The band at 826 cm�1 corresponds to

nitrate ions from the Mg(NO3)2 and Al(NO3)3 used in the

synthesis. The position of the band corresponding to Si–O

bonds at about 1090 cm�1, as in pure silica gel, indicates that

bonds Si–O–M (M = Al, Mg) did not form in the dry gel. Thus,

it can be supposed that Si–O–Si chains were formed during

gelation and hydrated aluminum and magnesium ions remained

incorporated between these chains. In the FTIR spectrum of the

sample obtained by gel calcination at 600 8C, the shoulder at

about 1200 cm�1 disappeared and the band at about 1090 cm�1

shifted to lower wavenumbers (1040 cm�1), indicating Si–O–

M bonds (M = Al, Mg) formation. The FTIR spectrum of the

sample obtained by gel calcination at 850 8C indicates transient

state before m-cordierite formation at 900 8C. The same bands

are evident in the spectra of the powders obtained by gel

calcination at 900, 1000 and 1100 8C, but intensities of the

bands at 1090 and 1040 cm�1 decreased with increasing

temperature. The FTIR spectrum of the powder obtained by gel

calcination at 1200 8C indicates that the transformation m!a-

cordierite had commenced: a band at 770 cm�1 corresponding

to the six-member ring in the a-cordierite structure is evident in

the spectrum. In addition, there are changes in the positions and

intensities of the bands at 1090 and 1040 cm�1. By comparing

the spectra of the powders obtained by gel calcination at 900,



Table 1

Values of the Avrami parameters n at various temperatures.

T [8C] n

955 0.88

959 0.84

962 0.91

964 0.84

966 0.83
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1000, 1100 and 1200 8C, it seems that the transformation of m-

to a-cordierite occurred by a continuously changing structure

with increasing temperature. This is in accordance with results

of X-ray diffraction analysis, i.e., with decreasing intensities

the m-cordierite peaks with increasing temperature. The FTIR

spectra of the powders obtained by gel calcination at 1300 and

1350 8C are typical for a well-ordered cordierite structure.

3.3. Kinetics of m-cordierite crystallization

The DTA curves of the powder obtained by gel calcination at

600 8C for 2 h, at heating rates of 5, 10, 15 and 20 8C/min, are

shown in Fig. 6. The exothermal peak corresponding to m-

cordierite crystallization shifts towards higher temperatures as

the heating rate increases.

Based on the data presented in Fig. 6, the Avrami parameter

n was determined by the method of Ozawa [29–31]. To

determine this parameter, the data on the degree of crystal-

lization (a) at different temperatures and heating rates (Q) were

used and from the slope of the dependence of log (–ln (1–a)) on

log Q for a given temperature, the value of n was determined.

The degree of crystallization (a) at a given temperature was

determined [32] from the ratio of the area of the part of the peak

up to a given temperature to total peak area.

The values of the parameter n at temperatures 955, 959, 962,

964 and 966 8C, are presented in Table 1. The mean value of the

Avrami parameter n for the crystallization of m-cordierite was

0.86.

The mean value of the Avrami parameter n, which was close

to 1, indicates interface controlled crystallization of m-

cordierite with a constant nucleus number and one-dimensional

growth or surface nucleation [17–19,33]. This value is

considerably different from the value obtained for the

crystallization of m-cordierite from alkoxy-derived cordierite

gel, obtained by a hydrolytic sol–gel process [18]. In that case,

m-cordierite crystallize from homogenous monophasic gel,

with constant nucleation rate and three-dimensional growth
800 1000 1200

981 oC

T [oC]

5 oC/min

10 oC/min

15 oC/min
20 oC/min

940 oC

951 oC

974 oC

T

Fig. 6. DTA curves at heating rates of 5, 10, 15 and 20 8C/min of the powder

obtained by gel calcination at 600 8C for 2 h.
(n = 4). On the other hand, the value of the Avrami parameter,

n = 2.23, for the crystallization of m-cordierite from a gel

obtained by a non-hydrolytic sol–gel method [19] indicates the

simultaneous contribution of different mechanisms: homo-

geneous nucleation and three-dimensional crystallite growth

due to homogeneity of the gel and surface crystallization due to

submicron particles of the gel. Bearing in mind the value of the

Avrami parameter n obtained in this work and the results

presented in Fig. 3, it can be said that viscous sintering occurred

in the primary gel particles, which led to shrinkage (Fig. 3), and

thereafter nucleation occurred on the surface or interface of the

particles. Then, the m-cordierite crystals grew towards the

center of the particles.

The overall activation energy of m-cordierite crystallization

can be calculated by the Kissinger equation [31,34]. Fig. 7

presents the dependence of ln Q/Tp
2 on 1/Tp, from which the

slope, Ea/R, Ea = 382.0 kJ/mol, was obtained. This value is

much lower than that determined for alkoxide sol–gel

processed m-cordierite [17,35], probably because of the surface

instead volume nucleation. However, the obtained value is

higher than the value obtained for m-cordierite crystallization

from high cordierite glass (303.5 kJ/mol) [36].

3.4. Sinterability of the cordierite powders

In order to investigate the influence of calcination

temperature on sinterability, the dry gel was calcined at
8.0 8.1 8.2
-13

-12

-11

ln
Q

 / 
T p2

1/Tp x 104 [K-1]

Fig. 7. Dependence of ln Q/Tp
2 on 1/Tp for the peak corresponding to m-

cordierite crystallization.



Fig. 8. SEM micrographs of the powders obtained by grinding for 3 h of the gels calcined at: (a) 850 8C and (b) 1300 8C.

Fig. 9. SEM micrographs of polished and thermally etched surface of cordierite materials obtained by sintering at 1430 8C of compacts of powder obtained by gel

calcination at: (a) 850 8C and (b) 1300 8C.
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850 8C, the temperature at which the most intensive shrinkage

(densification) occurs before the onset of crystallization of

m-cordierite (Figs. 3 and 4), and at 1300 8C, the temperature at

which a-cordierite is formed. The SEM micrographs of the

powders obtained by gel calcination at 850 and 1300 8C and

subsequent grinding for 3 h are presented in Fig. 8. It can be

seen that both powders contained nearly spherical particles, the

dimensions of which are about 1 mm, but also larger particles of

about 10 mm. Hence, the obtained powders had a bimodal

distribution of particle sizes.

The SEM micrographs of polished and thermally etched

surfaces of cordierite materials obtained by powder pressing

and sintering at 1430 8C are presented in Fig. 9. In both cases,

the grain sizes are the same as the sizes of the smaller initial

particles (about 1 mm). As the microstructure of the sample
Table 2

Relative density (r/rT), microhardness (H) and fracture toughness (KIC) of

sintered cordierite materials.

Cordierite material obtained

from the gel calcined at:

r/rT

(% TD)

H (GPa) KIC

(MPa m1/2)

850 8C 94 6.84 3.62

1300 8C 96 7.47 3.81
obtained from the gel calcined at 1300 8C is more uniform and

pore-free than the one calcined at 850 8C, it seems that in this

case, the larger particles were destroyed and more effectively

packed during pressing and sintering. The presence of pores

between the fully densified areas in the case of the sample

obtained from the gel calcined at 850 8C indicates that the

agglomerates were not destroy during pressing and that

densification during sintering occurred inside the large

particles, while densification between the agglomerates did

not occur. Obviously, harder agglomerates are formed by

calcination at temperatures at which viscous sintering occurs

without crystallization than in the case where a-cordierite

crystallize.

Properties of obtained sintered cordierite materials are

presented in Table 2. Material obtained from the gel calcined at

850 8C has worse mechanical properties due to lower density

and presence of large pores.

4. Conclusion

Starting from silicic acid and magnesium and aluminum

salts, a homogeneous monophasic cordierite gel was obtained,

which was proved by m-cordierite crystallization at about

900 8C. In temperature range of 800–850 8C, viscous sintering
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of the gel without m-cordierite crystallization occurred.

According to the XRD and FTIR results, m- ! a-cordierite

transformation took place in a wide temperature range, and

a-cordierite appeared at about 1200 8C. On calcination for 2 h

at 1350 8C, the transformation m- ! a-cordierite was fully

completed.

The mean value of the Avrami parameter for m-cordierite

crystallization, which is close to 1, indicates interface

controlled crystallization with a constant number of nuclei

and one-dimensional growth or surface nucleation. Accord-

ingly, it was concluded that viscous sintering occurred in the

primary gel particles, which led to shrinkage, and thereafter,

nucleation occurs on the surface or interface of the particles.

Due to surface nucleation, the overall activation energy of

m-cordierite crystallization (382.0 kJ/mol) was lower than in

the cases where volume nucleation occurs.

The sinterability of the powder obtained by calcination at

1300 8C, where well-crystallized a-cordierite was formed, was

better than that of the powder obtained by calcination at 850 8C,

where the most intensive shrinkage occurred before the onset of

m-cordierite crystallization. Based on the microstructure of

sintered materials, it was concluded that harder agglomerates

were formed by calcination at temperatures where viscous

sintering occurred without crystallization than in the case where

a crystallized powder was obtained.
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