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Abstract

Cordierite powders synthesized by colloidal and alkoxide sol–gel methods were conventionally and spark-plasma sintered. The

powders for the sintering investigations were obtained by calcination of the gels at a temperature where a-cordierite is formed

(crystalline powders) or at a temperature where densification without crystallization of silica-containing component occurred

(amorphous powders). All the calcinated gels were ground for 3 h, uniaxial pressed at 400 MPa and sintered conventionally at 1400,

1430 and 1450 1C for 2 h. In order to improve the sintering behavior of the cordierite powders, spark-plasma sintering (SPS) was

applied. The microstructures and the phase composition of the obtained cordierite materials were analyzed using scanning electron

microscopy (SEM) and X-ray diffraction analysis and the mechanical properties of the materials were determined. It was shown that the

sinterability of the colloidal powders was much better than that of the alkoxide powders. Conventional sintering at 1400 1C of the

crystalline powder produced by the colloidal method gave the material of the best mechanical properties. The sinterability of the

crystalline alkoxide cordierite powder was highly improved by spark-plasma sintering at a lower sintering temperature (1350 1C), for a

very short period of time (7 min). The density of the obtained material was very close to the theoretical density of a-cordierite and the

mechanical properties were better than those of materials obtained by conventional sintering.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

It is very difficult to obtain dense cordierite
(2MgO � 2Al2O3 � 5SiO2) ceramics without sintering aids
because the difference between the densification and
decomposition temperatures of cordierite is very small in
the firing process [1]. The main way for an improvement of
cordierite sinterability was the synthesis of fine cordierite
powders, which can be sintered without sintering aids [2–
6]. It was reported that sol–gel cordierite powders are very
fine and reactive [3,7–14], but there have not been many
systematic investigations concerning the sinterability of
such powders [4]. The sintering behavior of commercially
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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available crystalline cordierite powders, which were sin-
tered at temperatures near the incongruent melting point
of cordierite (1460 1C), were investigated in several studies
[15,16]. Moreover, some researchers [7,17,18] reported that
if the densification of pure and homogeneous cordierite
powder compact occurs below the crystallization tempera-
ture, it could be possible to obtain pure and dense
cordierite ceramics with relatively good properties. There-
fore, these authors investigated the sinterability of amor-
phous powders, which were densified by viscous sintering.
In this work, the sinterability of cordierite powders

obtained by alkoxide and colloidal sol–gel methods was
studied. The sinterability of cordierite powders obtained
by gels calcination at a temperature where a-cordierite
is formed was compared with the sinterability of powders
obtained by gels calcination at a temperature where densifi-
cation without the onset of crystallization of silica-containing
ll rights reserved.
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compounds occurred. In order to improve sintering behavior
of the cordierite powders, spark-plasma sintering (SPS) was
applied and results were compared to those obtained by
conventional sintering. It is known that SPS allows fast
densification, short holding time and low sintering tempera-
tures [19,20]. To the best of our knowledge, spark-plasma
sintering has not been previously applied for the sintering of
cordierite powders.
2. Materials and methods

2.1. Powders synthesis

Cordierite powders were synthesized by previously
published colloidal and alkoxide sol–gel methods [12–14].

Silica sol, boehmite sol, and an aqueous solution of
Mg(NO3)2 � 6H2O were used in the colloidal method
[12,13].

Silica sol was prepared by using an aqueous solution of
sodium silicate, with a mass ratio of SiO2:Na2O of 3:1. The
solution was diluted to give a solution containing approxi-
mately 3.5% SiO2 and passed through a column filled with
a strong acid ion-exchange resin. The effluent solution of
polysilicic acid was obtained, which pH value was adjusted
by NaOH to approximately 9.2. One part of this solution
was heated to boiling in order to form SiO2 particles and
then a rest of the solution was added. The obtained silica
sol contained spherical SiO2 particles of approximately
6 nm.

Boehmite sol was prepared by peptization by HNO3 of
freshly precipitated Al(OH)3, suspended in distilled water.
HNO3 were added at the ratio n(HNO3)/n(Al(OH)3)=0.1.
Peptization was performed at the boiling point, under
reflux during 48 h. The obtained boehmite sol contained
rod-like particles of approximately 30 nm in length and
about 10 nm in width.

The boehmite and silica sols were mixed and the mixture
was stirred for 2 h. Then, an aqueous solution of
Mg(NO3)2 � 6H2O was added, and the stirring continued
for an additional 2 h. The obtained multicomponent
colloidal dispersion was gelled by addition of ammonium
carbonate that increased the pH. The resulting gel was
dried for two days at 40 1C and then for 24 h at 110 1C.

The alkoxy-derived cordierite gel was synthesized [14]
from tetraethylorthosilicate (TEOS), aluminum isoprop-
oxide (Al(OiPr)3), and magnesium ethoxide (Mg(OEt)2).
Ethanol was used as a solvent. The TEOS was partially
hydrolyzed for 48 h under reflux at a molar ratio H2O/
TEOS¼1.2 in the presence of HCl as a catalyst, HCl/
TEOS¼0.1. A mixture of Mg(OEt)2 and Al(OiPr)3 in iso-
butanol was refluxed to form a double alkoxide. After
40 h, the mixture was mixed with partially hydrolyzed
TEOS, and again refluxed for 48 h. Water to complete the
hydrolysis was added at a molar ratio H2O/TEOS¼20.
The system was left for a week to allow aging of the gel
and then dried for 24 h at 110 1C.
Both gels, colloidal and alkoxide-derived, were ground
for 0.5 h at 400 rpm in a mill with an alumina chamber
using alumina balls.
It was shown previously [12,13] that intensive shrinkage

during colloidal gel heating occurred in the temperature
range 800–1000 1C. X-ray analysis of the gel calcined at
different temperatures showed that spinel crystallized first
at about 900 1C and then crystobalite crystallized at
temperatures higher than 1000 1C. a-cordierite was formed
at about 1300 1C by the reaction of spinel and crystobalite.
According to these results, powders for sintering investiga-
tion were prepared by the gel calcination at 1300 1C, where
a-cordierite is formed, and at 950 1C, where densification
without the onset of crystallization of crystobalite
occurred.
Intensive shrinkage during heating of alkoxide-derived

gel also occurred in the temperature range 800–1000 1C
[14]. During thermal treatment of alkoxy-derived gel, m-
cordierite crystallized at 900–1000 1C and in the range
from 1100 to 1300 1C transformed into a-cordierite. In
order to achieve densification without m-cordierite crystal-
lization, the gel was calcined at 850 1C, and so obtained
powder was used for sintering investigation. The gel was
also calcined at 1300 1C in order to obtain crystalline
powder for sintering investigation.
All the calcined gels were ground for 3 h at 400 rpm in a

mill with an alumina chamber using alumina balls. The
obtained powders were designated as Psol950, Psol1300,
Palkoxide850 and Palkoxide1300, indicating colloidal (Psol) or
alkoxide-derived (Palkoxide) gel and temperature of calcina-
tion (850 1C, 950 1C or 1300 1C). The morphology of the
powders was studied by scanning electron microscopy
(SEM) using a Jeol JSM-5800 microscope.
The particle size distribution of the powders was

determined by a particle size analyzer (PSA) Mastersizer
2000 (Malvern Instruments Ltd., UK). Before determina-
tion, the powder was de-agglomerated in an ultrasonic
bath (frequency of 40 kHz and power of 50 W), for 1 min.
2.2. Sintering

The cordierite powders were uniaxially pressed at
400 MPa and conventionally sintered at 1400, 1430 and
1450 1C for 2 h.
The powder Palkoxide1300 was also sintered by the rapid

spark-plasma sintering (SPS) technique in a Dr Sinter SPS
System-825C furnace, at 1400 1C for 1 min and at 1350 1C
for 7 min. Approximately 3 g of powder were sintered
under vacuum using a graphite mold (diameter 20 mm)
with an applied pressure of 40 MPa. During sintering, the
voltage was 4 V with a current of 1500 A. The required
duration of sintering at the desired temperature was
determined according the shrinkage of the samples, mon-
itored with a dilatometer. The temperature of the sample
during the sintering was measured by an optical pyrometer
through a hole located in the graphite mold. After
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completion of the process, the samples were cooled for 1 h
using the internal cooling system.

The densities of the green compacts and sintered samples
were determined by the Archimedes method. The relative
densities were calculated using the theoretical density of a-
cordierite (2.52 g/cm3). Microstructures of the fracture
surface of the sintered materials were observed by SEM
(Jeol JSM-5800). X-ray diffraction analysis of the sintered
samples was done using a BRUKER D8 ADVANCE with
a Vario 1 focusing primary monochromator (Cu Ka1,2

radiation, l¼1.54059 Å). The best-sintered materials were
polished and used for microhardness (H) and indentation
fracture toughness (KIC) determinations. The microhard-
ness was measured with a Vicker’s indenter. KIC values
were calculated using the formula [21]:

KIC ¼ 0:0824Pc3=2 ð1Þ

where P is the indentation load and c is the length of the
induced radial crack. The average of the 20 measurements
for each sample was used for the evaluation of the sample
hardness and toughness.

After determination of the mechanical properties,
the polished conventionally sintered samples were ther-
mally etched at 1350 1C for 30 min, with a heating
rate of 20 1C/min, and their microstructure were
observed by SEM (JEOL JSM-5800). The spark plasma
sintered samples were thermally etched at 1200 1C for
15 min, with a heating rate of 20 1C/min and their micro-
structure were observed by SEM (TESCAN Mira3 XMU)
at 20 kV.
Fig. 1. Morphology of particles of p
3. Results and discussion

3.1. Powders particle morphology and size distribution

The morphologies of the powders Psol950 and Psol1300,
and Palkoxide850 and Palkoxide1300 are presented in Figs. 1
and 2, respectively. It could be seen that all the powders
had a similar morphology: nearly spherical particles, the
dimensions of which were about 0.5 mm, together with
larger particles of about 10 mm. Powders particle size
distributions based on the particles volume (Fig. 3), show
that powders Psol950, Psol1300, and Palxokside850 have a
broad and bimodal ditribution, with the maximums at
about 2 mm and 20 mm, while the powder Palkoxide1300 has
a broad and unimodal distribution, enclosing particles in
the range of 0.3–20 mm. On the other hand, particle size
distributions based on the particles number (data are not
shown) showed that particles of 0.5 mm are dominant in all
the powders.
Compared to the non-ground powders and those

obtained by grinding for 0.5 h [22] (SEM micrographs
and particle size distributions are not shown) these pow-
ders were much finer.
It was shown previously [23–26] that grinding affects the

synthesis and sintering of cordierite. Mechanical treat-
ments of powders have remarkable influence on their
reactivity as they promote changes in the texture and
structure of the solids. In the case of different raw
materials [23–25], increasing of reactivity due to mechan-
ical treatment leads to decreasing of cordierite formation
temperature. Also, the grinding of a precursor colloidal gel
owders: (a) Psol950, (b) Psol1300.



Fig. 2. Morphology of particles of powders: (a) Palkoxide850, (b) Palkoxide1300.
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Fig. 3. Particle size distribution of the powders.

N. Moftah El-Buaishi et al. / Ceramics International 39 (2013) 5845–58545848
[26] promotes the homogeneous distribution of elements in
a gel, resulting in improved reactivity for the formation of
cordierite. However, in the case of calcined gels, the most
important effects of grinding are the particle size
decreasing and contribution of accumulated strain energy
to the enhancement of diffusion during the sintering
process [26].

3.2. Cordierite materials obtained by conventional sintering

3.2.1. Sintering of powders obtained by the colloidal sol–gel

method

Microstructures of cordierite materials obtained by
conventional sintering of compacts of powders Psol950
and Psol1300 at 1400 1C are presented in Fig. 4.
The cordierite materials obtained by sintering at 1400 1C

are quite dense, with some pores (Fig. 4). By increasing the
sintering temperature to 1430 1C, the pores were increased
and rounded (SEM micrographs are not presented). The
explanation for this could be the beginning of melting, as
was seen visually on the samples after sintering. The reason
for the decrease in the melting temperature (melting point
of cordierite is 1460 1C) could be the presence of Naþ ions
from the silica sol used for synthesis [12,13]. Presence of
glasy phase in the materials obtained by Psol950 and
Psol1300 sintering at 1400 1C was not confirmed by X-ray
analysis (Fig. 5). Therefore, the optimal sintering tempera-
ture for the powders obtained by the colloidal sol–gel
method was 1400 1C.
SEM micrographs of polished and thermally etched

surface of the cordierite materials obtained by conven-
tional sintering at 1400 1C of the compacts of the powders
Psol950 and Psol1300 are shown in Fig. 6, while the
densities (green and after sintering) and mechanical prop-
erties of these materials are presented in Table 1.



Fig. 4. SEM micrographs of the fracture surface of cordierite materials obtained by conventional sintering at 1400 1C of compact of powder: (a) Psol950

and (b) Psol1300.
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Fig. 5. X-ray diffraction analysis of the materials obtained by conven-

tional sintering (CS) at 1400 1C and spark plasma (SPS) sintering at 1350

and 1400 1C.
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According to Fig. 6, the materials obtained by conven-
tional sintering of the Psol powders at 1400 1C had dense
microstructure, with a few small pores. The grain size of
the material obtained from powder Psol950 seemed smaller
than that of the material obtained from powder Psol1300.
Therefore, a higher value of the fracture toughness of the
former material could have been expected than of the latter
due to its finer microstructure. However, this was not the
case (Table 1). Bearing in mind that powder Psol950 was
amorphous and that during sintering, crystallization and
solid-state reaction occurred, it was assumed that the
sintered cordierite materials contained some residual
amorphous, glassy phase, the fracture toughness of which
is much lower than that of a-cordierite. However, X-ray
diffraction analysis of the materials (Fig. 5) showed no
presence of glassy phase. Accordingly, lower fracture
toughness of the material obtained starting from powder
Psol950 could be explained by the presence of some
microcracks, arising from the thermal mismatch between
the different crystalline phases formed during sintering [5].
As stated above, powder Psol950 contained spinel and
amorphous phase and during thermal treatment, i. e.
during sintering, crystobalite crystallized and reacted with
spinel, forming a-cordierite.
3.2.2. Sinterability of the alkoxide-based cordierite powders

The microstructures of the cordierite materials obtained
by conventional sintering of compacts of powders Palkoxide

850 and Palkoxide1300 at 1400 1C are presented in Fig. 7,
while the green densities and densities of sintered materials
are presented in Table 1.
According to Fig. 7, the materials obtained by conven-

tional sintering of the Palkoxide powders at 1400 1C were
insufficiently sintered. The material obtained by sintering
powder Palkoxide850 contained densified areas, but both
small pores (o1 mm) and large pores (about 7–8 mm) were
present. The dimension of the small pores was approxi-
mately equal to the dimension of the smaller particles in
the powder Palkoxide850 (Fig. 2) and the larger pore size
was approximately equal to the size of larger particles. The
formation of enclosed nearly spherical pores is indicative
of the end of the medium sintering stage and beginning of



Fig. 6. SEM micrographs of the polished and thermally etched surface of cordierite materials obtained by the conventional sintering at 1400 1C of

compacts of powders: (a) Psol950 and (b) Psol1300.

Table 1

Processing conditions, densities and mechanical properties (hardness and fracture toughness) of cordierite materials obtained by conventional (CS) or

spark plasma sintering (SPS).

Type of powder Psol950 Psol1300 Palkoxide850 Palkoxide1300 Palkoxide1300 Palkoxide1300

Type of sintering CS CS CS CS SPS SPS

Temperature of sintering (1C) 1400 1400 1400 1400 1400 1350

Holding time (min) 120 120 120 120 1 7

Green density (% TD) 66 72 65 70 – –

Density (% TD) 91 96 88 77 99 99

Hardness (GPa) 8.06 8.05 – – 8.63 8.53

Fracture toughness (MPa m1/2) 2.88 3.67 – – 4.02 4.06
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the final sintering stage. Increasing of sintering tempera-
ture (SEM micrographs are not presented) did not cause a
decrease in porosity and the material obtained by sintering
at 1450 1C contained even more pores, especially small
ones, than the material obtained by sintering at 1400 1C.
According to some authors [4], such behavior could be
explained by swelling and cracking in the compact caused
by desorption of the water in the large cavities which
connect to form continuous channels parallel to the c-axis.
They argued that the water concentration of the alkoxy-
derived powder would be very high despite powder
calcination at high temperatures. The vapor pressure of
the water in the cavities or pores could be high enough to
expand the cavities or pores and than lead to the cracking
of the compact at temperatures above 1400 1C.

An insufficiently sintered sample and the formation of
contact necks were the main characteristics of the sample
obtained by the sintering of the compact of powder
Palkoxide1300 at 1400 1C, which means that the sample
was in the initial stage of sintering. As the sintering
temperature increased, the density of the sample slightly
increased and the material obtained by sintering at 1450 1C
contained more densified areas (density of the material was
approximately 84% TD; SEM micrographs are not pre-
sented) than the samples obtained by sintering at 1400 and
1430 1C. However, it could also be the distinct appearance
of some large pores, probably because the sintering
occurred mainly inside larger agglomerated particles.
X-ray diffractograms of the materials obtained by

conventional sintering of compacts of powders Palkoxide850
and Palkoxide1300 at 1400 1C (Fig. 5) show in both cases
presence of well-crystallized a-cordierite, without glassy
phase, as in the case of materials obtained starting from
Psol powders.



Fig. 7. Microstructure of the cordierite materials obtained by conventional sintering at 1400 1C of powder compacts of: (a) Palkoxide850

and (b) Palkoxide1300.
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Obviously, despite the fact that the sintering tempera-
tures were very close to melting temperature of cordierite,
the alkoxide-derived cordierite powders showed very poor
performances on sintering, especially the well-crystallized
powder Palkoxide1300. Despite the fact that powder
Palkoxide1300 had the same composition (a-cordierite) and
similar morphology and particle sizes as the powder
Psol1300, sinterability of these powders is quite different.
It could be supposed that the better performances on
sintering of the Psol powders were the results of the
presence of Naþ ions in the silica sol used for the
synthesis, which acted as a sintering additive.

Polishing of the materials obtained from the Palkoxide

powders was not performed and the mechanical properties
were not determined due to the insufficient sintering.

3.3. Cordierite materials obtained by spark-plasma sintering

The microstructures of the cordierite materials obtained
by SPS of powder Palkoxide1300 at 1350 1C for 7 min and at
1400 1C for 1 min, at different magnifications, are shown
in Fig. 8. In both cases, fully densified microstructures
were obtained. Pores were rarely observed in either of the
specimens. In the higher magnification Figures, no grains
can be seen, which indicates that the fracture mode was
mainly transgranular.

SEM micrographs of the polished and thermally etched
surface of the SPS cordierite materials are shown in Fig. 9,
while the densities and mechanical properties of these
materials are presented in Table 1. The densities of both
materials were very similar to the theoretical value of
a-cordierite and the hardness and fracture toughness were
very high, higher than of those of the materials obtained
by conventional sintering.
Grains of different sizes and shapes and some occasional

pores are visible in both microstructures (Fig. 9). In
Fig. 9b, two different regions can be seen: one with
elongated grains and one with grains that do not look
elongated. However, according to the assigned part in
Fig. 9b, it could be supposed that both region contained
elongated grains, but of different orientation. In the first
case, the grains were oriented parallel to polished surface,
while in the second case, the grains were oriented perpen-
dicular to the polished surface and a cross section of
elongated grains can be seen in the SEM microphotograph.
In the case of the sample sintered at 1350 1C for 7 min,
elongated grains were also visible on the thermally etched
fracture surface (SEM microstructure is not shown).
During spark plasma sintering [27,28], as a consequence

of the applied high currents, a softening or melting of the
surface layers is possible, leading either to a grain rearran-
gement by sliding under the applied load or to an enhanced
migration of species through the surface layer. The presence
of a liquid phase under the applied load could be the reason
for the formation of elongated grains. Such a microstructure
with elongated grains provides better mechanical properties,
especially higher fracture toughness. XRD analysis of SPS
materials showed no presence of glassy phase (Fig. 5), which
indicates that, even if formed, the content of liquid phase
during SPS is very small.



Fig. 8. Microstructure of the cordierite materials obtained by SPS of powder Palkoxide1300 at: (a) 1350 1C (7 min), (b) 1400 1C (1 min).
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4. Conclusions

In the present study, the sintering behavior of sol–gel
processed cordierite powders and the mechanical proper-
ties of the obtained cordierite materials were investigated
in dependence on the synthesis method, the temperature of
gel calcination and the type and temperature of sintering.
In general, powders obtained by the colloidal sol–gel
method showed better performances on sintering with
respect to the alkoxide-based powders. The best



Fig. 9. SEM micrographs of the polished and thermally etched surface

of the cordierite materials obtained by SPS at: (a) 1350 1C for 7 min

and (b) 1400 1C for 1 min.
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mechanical properties of the conventionally sintered mate-
rials were achieved by sintering at 1400 1C of powders
obtained by colloidal gel calcination at 1300 1C, when a-
cordierite was formed. Despite the high sintering tempera-
ture of the alkoxide-based powders, the obtained materials
were insufficiently sintered. The sinterability of the
alkoxide-based powder was highly improved by spark-
plasma sintering at a lower sintering temperature and
during much shorter time than during conventional sinter-
ing. The density of the spark-plasma sintered materials was
very close to the theoretical density of a-cordierite and the
mechanical properties were better than those of materials
obtained by conventional sintering.
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