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Abstract

The sintering behavior of cordierite based materials obtained from powders with different granulometric characteristics (single

fractions and binary granulometric mixtures) has been studied. Commercially available cordierite powder was used to prepare these
materials by attrition milling, uniaxial pressing and sintering at 1450 �C. The employed cordierite powders were classified as coarse,
medium and fine single granulometric fractions. Binary mixtures of them with 30, 50 and 70 wt.% of the smaller component were
prepared. Densification degree and kinetics of sintering were studied through density measurements and microstructural analysis

(SEM). Phases were determined by XRD and FTIR techniques and examining the isothermal section at the Al2O3–SiO2–MgO
system at sintering temperature. The contact angle of the glassy phase present at this temperature was measured using the heating
microscopy technique. The characteristics of the starting powders and the particle packing were correlated to the developed

microstructures and a sintering mechanism was proposed.
# 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Cordierite (2Al2O3.5SiO2.2MgO) is a technically
important ceramic which is applied in a great variety of
areas. Cordierite and cordierite based glass ceramics,
well known because of their low dielectric constant,
high resistivity, elevated thermal and chemical stability
and very low thermal expansion coefficient, are promis-
ing materials for electronic applications. Due to its
lower processing costs and its better electrical proper-
ties, cordierite is an alternative material to be used as
substrate in replacement of alumina, conventionally
employed in the electronic industry [1–3]. Cordierite
ceramics present a very narrow sintering temperature
range and they are not easily sintered without any sin-
tering aids in order to operate a liquid-phase process
close to their melting point (1460 �C). Some attempts
have been made to improve the sinterability of cordier-
ite. These studies mainly point to both the use of sin-
tering aids [4,5] and the development of new methods of
synthesis [6,7]. Unfortunately, these possible solutions

can produce deleterious effects on the thermal and elec-
trical properties of cordierite [8,9] increasing the pro-
cessing costs.
The aim of this paper is to study the sintering beha-

viour of cordierite based materials when particular
packings are tailored by control of the granulometric
characteristics of the starting powders.

2. Experimental procedure

2.1. Starting powder characterization

A commercially available cordierite (CORCR Bai-
kowski, France) was used as the starting powder. Its
mean particle size (D50=1.82 mm) and specific surface
area BET (SS=3.4 m2/g) were measured using a Coulter
LS 130 analyzer with Dolapix PC33 as deflocculant and
a Monosorb Quantachrome equipment, respectively.
The impurity level determined by wet chemical analysis
was less than 0.17 wt.% (Table 1). The real density of
cordierite powder (�R cordierite=2.6 g/cm3) was deter-
mined by kerosene picnometry. An heterogeneous cor-
dierite powder morphology composed by flat and/or
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rod-like submicronic particles together with some bigger
ones was observed by scanning electron microscopy
[10]. It is possible that some of the particles are not sin-
gle-grain, but aggregates of small grains. However, this
fact could be discard taking into account some experi-
mental data: the measured density of the material was
close to that of cordierite and the value of its specific
surface area was in the typical range of dense particles.
The composition of the starting material was located

in the Al2O3–SiO2–MgO ternary system [11]. For this
purpose, just the amounts of silica, alumina and mag-
nesia of the cordierite powder were considered, adding
the percentage of CaO to that of MgO. This assumption
can be made because of the low level of CaO (0.1 wt.%)
and the possibility of the formation of a solid solution
between cordierite and calcium up to 4.7 wt.% [12,13].
For these weight percentages (SiO2=50%, Al2O3=37%
and MgO=13%), the composition of the starting cor-
dierite powder was located in the crystallisation field of
mullite shifted to the alumina corner from the cordierite
stoichiometric composition (SiO2=51.4%, Al2O3=34.8%
and MgO=13.8%), in the cordierite-mullite-silica com-
patibility triangle. So, the calculated weight percentages
of these phases were 92% cordierite, 7% mullite and
1% silica. The difference between the real density of the
starting cordierite powder (�R cordierite=2.6 g/cm3) and
that of the stoichiometric one (�th cordierite=2.52 g/cm3)
was attributed to the presence of mullite of greater
density (�th mullite=3.16 g/cm3). XRD powder patterns
of the as-received powder were recorded with a Philips
X-ray diffractometer using the Cu Ka radiation and a Ni
filter. FTIR spectra was obtained employing a Bruker
IFS25 infrared, using the KBr pellet technique. a-cor-
dierite (JCPDS Powder Diffraction Data Card No 13–
293) was identified as the major phase and mullite as the
secondary one (JCPDS Powder Diffraction Data Card
No 15–776) by XRD and FTIR, while silica was not
determined using these techniques [14,15]. Differential
thermal analysis (DTA) was carried out in air at a
heating rate of 10 �C/min up to 1450 �C with alumina as
reference employing a Shimatzu DTA-50 equipment.
The onset of an endothermic peak was observed at
1400 �C attributed to the liquid formation (in the tern-
ary system, the invariant point located at 1355 �C is the
lowest temperature at which a liquid appears). Thermal
shrinkage curve was determined up to 1450 �C at a
heating rate of 10 �C/min on prismatic samples uni-
axially pressed at 20 MPa without binder, using an

Adamel Lhomargy dilatometer. Up to 850 �C the ther-
mal expansion of the lattice was observed (0.2%), a
small value in agreement with the very low thermal
expansion coefficient of cordierite materials. From
850 �C, the shrinkage by sintering starts to be evident
with increasing rate from 1350 �C when a liquid is
formed.

2.2. Green compact preparation

As-received cordierite powders were attrition-milled
at 1045 rpm in a mill with a stainless-steel chamber
coated with Teflon, using alumina balls (1–2 mm in
diameter) as grinding media in isopropyl alcohol. The
ball to powder weight ratio was 0.2 (0.33 vol/vol) [16].
Several milling times were selected to obtain the par-

ticle size distributions of the single fractions used to
prepare the binary mixtures. The powder with the as-
received granulometry was taken as the coarse C
(D50=1.82 mm; SS=3.4 m2/g) and powders 8 and 32 h
milled as the medium M (D50=0.9 mm; SS=6.5 m2/g)
and fine F (D50=0.45 mm; SS=11.2 m2/g) single frac-
tions, respectively. The binary mixtures F/C, M/C and
F/M were prepared with 30/70, 50/50 and 70/30 weight
ratios.
Powder mixtures were homogenized by attrition mil-

ling using alumina media in isopropyl alcohol at 1045
rpm for 10 min; dried in an electrical furnace at 80 �C
for 24 h and sieved through 400 mesh (37 mm). Pellets
with a thickness (0.3 cm) to diameter (1.2 cm) ratio
equal to 0.25 of the resulting cordierite powders were
uniaxially pressed at 20 MPa without binder employing
a lubricated steel cylindrical mold. In these conditions,
the friction and the pressure gradients in the compacts
are diminished [17] with the consequent increment in
density and homogeneity.
Green densities (�G) were determined by weight and

volume measurements and the relative density percen-
tages (% �G/�R) were calculated using �R cordierite=2.6 g/
cm3. The porosity (P=100-% �G/�R) was taken as a
measure of the particle packing.

2.3. Sintering

In order to enhance the sintering of cordierite by a
liquid-phase process avoiding the addition of sintering
aids, a previous analysis of the possible present phases
at different temperatures was accomplished. The iso-
thermal sections at 1350, 1450 and 1470 �C [11] and at
1400 �C [18] at the Al2O3–SiO2–MgO system were
examined in order to select the sintering temperature of
the cordierite materials. Samples were sintered in an
electric furnace with MoSi2 heating elements at 1400
and 1450 �C for times ranging from 10 min to 8 h. A
slow firing schedule selected considering the thermal
shrinkage curve (see Section 2.1) was followed: heating

Table 1

Wet chemical analysis of as-received cordierite powder (wt.%)

Al2O3 SiO2 MgO Fe2O3 TiO2 CaO Na2O K2O W.L.

(1000 �C)

36.9 49.4 12.32 0.03 0.013 0.10 0.02 0.004 0.004
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rate of 25 �C/min up to 800 �C and 5 �C/min up to sin-
tering temperature; cooling rate of 10 �C/min up to
800 �C and free cooling up to room temperature.
The apparent densities of the sintered materials (�S)

were measured by the Archimedes method in distilled
water being the error of �S determinations 0.7%. The
relative density percentages (% �S/�R) were calculated
using the real densities (�R) of the powder treated at
1400 and 1450 �C. These last values were obtained con-
sidering the parallel mixing rule. For calculations, the
percentages of each phase (cordierite, mullite and
liquid) determined by examining the isothermal sections
of the Al2O3–SiO2–MgO system at 1400 and 1450 �C,
theoretical densities of the crystalline phases (�th cordierite

=2.52 g/cm3 and �th mullite=3.16 g/cm3) and picno-
metry densities of both liquids (�pic. glass 1400 �C=2.47 g/
cm3 and �pic. glass 1450 �C=2.51 g/cm3) were considered.
These glassy phases were produced by melting the appro-
priate amounts of the constituents in a platinum crucible
at 1600 �C for 2 h, followed by quenching in water.
The surfaces of the sintered materials were polished

with diamond paste from 6 to 1 mm and thermally
etched (1400 �C, 30 min with a heating rate of 20 �C/
min) in order to observe their microstructures by SEM.
Image analysis (Image-Pro Plus software) was used to
measure the average grain sizes on the SEM photo-
graphs (about 200–300 grains/sample were counted).

3. Results and discussion

3.1. Particle packing

The granulometric distributions of binary mixtures
were obtained considering the particle size distribution
of single fractions and their characteristic parameters
(mean diameter, D50 and width, W) were calculated.
The expression W=D80�D20/D50 where D80, D20 and
D50 are the diameters corresponding to 80, 20 and 50
vol.% particles, respectively, was taken as a measure of
the particle size distribution width.
In order to analyze the packing degree obtained with

the different single granulometric fractions and their
binary mixtures, the morphology of the particles in
addition to the characteristic parameters of particle size
distributions and the porosity (Table 2) were considered.
Different porosity values were obtained with the sin-

gle fractions. Since the packing of spherical monosize
particles gives equal porosity independently of its size,
differences in porosity can be explained considering that
the particles are not totally spherical (as it was observed
by SEM) and they are not monosize. For all the frac-
tions (C, M and F) a value of ln �=D84/D50>0.5 is
calculated, and when the logarithm of the standard
geometrical deviation results >0.5, the powder is not
considered to be composed by monosize particles [19].

The lower porosity (better packing) was obtained with
the F fraction. The wider particle size distribution of F
and its more regular particles originated by milling
during longer time justify that F fraction packed better
than M. However, the C fraction with a particle size
distribution width similar to F (W=1.50), showed the
worst packing. This behavior was attributed to the irre-
gular flat morphology of coarse particles in comparison
with fine ones, which had been rounded by the milling
effect. This feature has influence in the packing as much
as in the pressing process [17].
The particle packing of the binary mixtures resulted

equal or better than that of the single fractions. This
was expected as a consequence of the replacement
mechanism, that results by the interaction of the two
granulometric components, in which the size ratio plays
one of the most significant roles [20]. The porosities of
the binary mixtures as a function of the percentage of
the smaller components are shown in Fig. 1. In the

Table 2

Mean diameter (D50) and width (W) of particle size distributions,

green densities (�G) and porosities of green materials (% P); final

densities (�S) and densification degrees (% �S/�R) sintered materials

Materials D50

(mm)

W=(D80

�D20/D50)

�G
(g/cm3)

%P=(100

��G/�pic)

�S
(g/cm3)

%

(�S/�R)

C 1.82 1.50 1.44 44.60 2.42 94.16

M 0.90 0.90 1.50 42.30 2.49 96.89

F 0.45 1.50 1.52 41.15 2.50 97.27

F/C 30/70 1.10 1.80 1.53 41.15 2.40 93.39

M/C 30/30 1.35 1.50 1.47 43.50 2.38 92.61

F/M 30/70 0.80 1.20 1.52 41.50 2.41 93.77

F/C 50/50 0.90 1.80 1.58 39.20 2.46 95.72

M/C 50/50 1.20 1.20 1.50 42.30 2.48 96.50

F/M 50/50 0.70 1.20 1.54 40.80 2.49 96.89

F/C 70/30 0.70 1.60 1.55 40.40 2.50 97.27

M/C 70/30 1.00 1.10 1.50 42.30 2.45 95.33

F/M 70/30 0.60 1.00 1.54 40.80 2.52 98.05

Fig. 1. Percentage of porosity (% P) of single fractions and binary

mixtures as a function of the smaller particle content.
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intermediate composition range (30/70; 50/50 and 70/
30), the more effective packing was achieved with the
F/C mixtures. This fact was attributed to the smaller
size ratio (D50 fine/D50 coarse=0.25) and higher width (W)
of the granulometric distributions. For the F/M and
M/C mixtures with similar size ratios (0.5) and distribu-
tion width (W=1.20), the best packing was attained in
F/M mixtures. This was associated to the less irregular
shape of the particles of F fraction compared with C
particles in the M/C mixture. In the F/C binary mixture,
the minimum porosity occurs at a composition about 50
wt.% of the smaller component. For M/C and F/M
mixtures, the minimum porosity spreads over a range of
compositions.

3.2. Selection of the sintering temperature in the Al2O3–
SiO2–MgO system

In order to select the sintering temperature, the compo-
sition of the starting material (SiO2=50%, Al2O3=37%

and MgO=13%) was located in the isothermal sections
at 1350, 1450 and 1470 �C [11] and at 1400 �C [18] at the
Al2O3–SiO2–MgO system (Fig. 2) and the present pha-
ses were determined. At 1350 �C, the composition of the
starting material was located in the cordierite-mullite-
silica compatibility triangle. Due to the absence of
glassy phase it will be difficult to sinter the cordierite
compacts. From 1400 �C, composition areas completely
melted or solids in equilibrium with liquids are present.
At 1400 and 1450 �C, the composition of the starting
cordierite powder was located in the crystallization field
of mullite, in the cordierite-mullite-glass compatibility
triangle close to the cordierite stoichiometric composi-
tion (SiO2=51.4%, Al2O3=34.8% and MgO=13.8%).
The present phases were cordierite, mullite and glass,
and the calculated weight percentages depended on the
treatment temperature. The obtained values were 89%
cordierite, 9% mullite and 2% glass for 1400 �C and
84% cordierite, 10% mullite and 6% glass for 1450 �C.
In addition, at both temperatures the liquids differed in

Fig. 2. Localization of the starting material in the isothermal sections at 1350, 1400, 1450 and 1470 �C at the Al2O3–SiO2–MgO system.
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composition: 64% SiO2, 20% Al2O3 and 16% MgO at
1400 �C and 63% SiO2, 25% Al2O3 and 12% MgO at
1450 �C. At 1460 �C, the stoichiometric cordierite
incongruously melts to form mullite and a liquid [11].
At 1470 �C, the composition was located in the zone of
coexistence of mullite and a liquid.
From this analysis, it results evident that the tem-

perature range of sintering is very narrow. Two possible
sintering temperatures for these cordierite materials
were selected: 1400 and 1450 �C.
The crystalline phases (cordierite and mullite) were

confirmed by XRD and FTIR in samples treated at
1400 and 1450 �C, 2 h. In the XRD diagrams of cor-
dierite powders calcined at both temperatures the com-
plete pattern of a-cordierite can be seen together with
some mullite peaks (16.4; 25.9; 26.3; 33.4; 35.3; 40.9�2y)
of low intensity. The interval between 25 and 27�2� was
analyzed due to the overlap of the more intense, double
peak of mullite [(120) and (210) lines] and a cordierite
peak (112) of significant intensity. The asymmetry of the
peak supports the presence of mullite. By FTIR, the
characteristic bands of cordierite together with some
mullite peaks were identified, confirming the results
obtained by X-ray diffraction. A sharp band with an
intense absorption at 780 cm�1 (ring structure of SiO4

tetrahedra); a peak at 1120 cm�1 belonging to the Si–O
stretching vibration; sharp bands of lower intensity at
584, 634 and 695 cm�1; a broader peak at 1178 cm�1

and a wide band at 956 cm�1 were observed [14,20,21].
Also, a shoulder was observed at 1140 cm�1 in the band
at 1178 cm�1 that can be attributed to overlap of the
double peak at 1164 and 1137 cm�1 (Al–O and O–Al–O
stretching vibration of the tetrahedral bonds of mullite
or corresponding to Si–O–Al bonds). Two peaks at 746
and 565 cm�1 (Al–O tetrahedral and Al–O octahedral
bonds of mullite, respectively) appeared overlapped
with cordierite bands [15,22,23]. Also, the shifting
towards lower frequencies of the cordierite band
between 790 and 980 cm�1 that occurs in presence of
mullite was observed [24].
The densification degree (% �S/�R) achieved in cor-

dierite samples (coarse fraction) treated at 1400 and
1450 �C during 2 h was determined. At 1400 �C a sig-
nificative densification (66.41%) was not observed while
at 1450 �C a higher densification degree (94.16%) was
achieved in agreement with the notable diminution of
the porosity observed by SEM. This behavior can be
partially explained because of the higher amount of
liquid at 1450 �C that favors the sintering mechanism in
presence of a liquid phase. Other factors such as the
viscosity and the wetting angle of the glassy phase at the
sintering temperature will be analyzed in detail in a
future work [25].
From the results of the analysis of the Al2O3–SiO2–

MgO system and the densification degree given above,
the selected sintering temperature was 1450 �C [18].

3.3. Densification degree

In order to calculate the densification degree of the
materials, the real density of the powder treated at
1450 �C, 2 h was obtained by the parallel mixing rule
(�R=2.57 g/cm3) and confirmed by kerosene picno-
metry. The densification degree (% �S/�R) of the sin-
tered materials was calculated as the ratio between the
apparent (�S) and the real (�R) densities (Table 2).
The densification degree of cordierite materials

strongly depends on both the particle size distribution
features and the particle shape of the starting powders
and it is also related to the effectivity of their packing
[26,27].
The densification degree of the single fractions

increases in the order C<M�F (94.16–97.27%) in
agreement with the increment in their green densities
(1.44–1.53 g/cm3) (Table 2). It can be seen that the
materials with the lowest mean particle diameters, F
and M (D50=0.45 and 0.92 mm, respectively) reached
higher densities than C, which exhibited greater mean
particle size (D50=1.82 mm). Additionally, the pro-
gressive change in the particle shape by the increasing
powder milling times also contributed to the higher final
densities of F and M.
However, regarding the densification degree of the

binary granulometric mixtures, a simple order was not
obtained. Not always the best green densities produced
the higher final densities of the sintered materials. In
every binary mixture with 30 wt.% of the smaller parti-
cles, the obtained densities were lower than those
reached with the materials prepared with the single
fractions. Conversely, in the mixtures with 50 and 70
wt.% of the smaller granulometric fraction, the final
densities resulted similar or greater than those of the
single fractions. The lower porosity was reached for the
binary mixture of fine and medium particles with the
higher amount of the smaller ones F/M 70/30 wt.%.
This major contribution to the densification by sintering
in comparison with the other binary mixtures can be
related to the addition of two factors: presence of more
regular particles due to the grinding effect that allow a
more effective green packing and diminution of the
mean particle size of its binary granulometric distribu-
tion in relation to the mean diameters of both F and M
single fractions distributions.

3.4. Microstructure

In Fig. 3, SEM photographs of the sintered (1450 �C,
2 h) single fractions (C, M and F) and their 50/50 binary
mixtures (C/F, M/C and F/C) are shown.
The microstructures resulted rather homogeneous

with mainly equiaxial grains of similar submicronic sizes
and few spherical pores with sizes close to grain ones. In
single fractions, the mean grain sizes (DmeanC=0.46 mm;
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DmeamM=0.44 mm and DmeanF=0.30 mm) decreased as
the initial particle size (Table 2). In the studied binary
mixtures the mean grain sizes (Dmean) resulted very
similar between them and in the same range (0.45–0.33
mm) as single fractions. It is worthy to note that the
Dmean was always smaller than the initial particle size
even for the powder F with the finest particles
(D50=0.45 mm) in which the lowest grain size was
obtained (Dmean=0.30 mm). Elongated grains attributed
to the second phase (mullite) were observed in some
materials, these grains presented an aspect ratio �1.9.
The binary material F/M presented the most homo-

geneous microstructure with the narrowest grain size
distribution. The homogeneity of the materials obtained
from single fractions following the order C<M<F in
agreement with their grain size distributions. By compar-
ison with every binary mixture, C presented the lowest
homogeneity while M and F showed microstructures

with similar homogeneity as the most homogeneous
binary one (F/M).

3.5. Sintering mechanism

Several facts, as present phases (cordierite, mullite
and glass); final densities; developed microstructures
(porosity, grain sizes); relatively high amount (6 wt.%),
contact angle and viscosity of the glassy phase at sin-
tering temperature, allow us to assume that the liquid-
phase mechanism of sintering operates in the cordierite
sintering conditions studied in the present work.
Additionally, experimental results (DTA and dilato-

metric curves, Section 2.1) support the possibility of
occurrence of this mechanism. The onset of an endo-
thermic peak at 1400 �C, attributed to the formation of
liquid, was registered in the thermal analysis. Further-
more, an increment of the shrinkage rate at 1350 �C was

Fig. 3. SEM photographs of materials sintered at 1450 �C, 2 h: (a) C, (b) M, (c) F, (d) F/C 50/50, (e) M/C 50/50 and (f) F/M 50/50.
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observed in dilatometric measurements and attributed
to a change in the mechanism, operating a sintering in
presence of a liquid phase. The very slow shrinkage rate
up to 1350 �C was associated to a solid-state sintering.
The microstructures described above will be examined
in order to understand the mechanism of densification.
Assuming that a liquid-phase sintering mechanism is

operating and considering that the grain sizes in the
sintered samples result smaller than the initial particle
sizes it can be inferred that the particle-particle rear-
rangement takes place. Moreover, from the similarity of
the mean grain sizes observed in every material it could
be inferred that the size of the produced fragments has
an insignificant dependence on both the morphology
and the mean diameter of the starting particles.
The rearrangement can proceed in two steps. In the

first one, the densification occurs rapidly as soon as the
liquid phase is formed. Pores are filled and the particles
are rearranged due to capillary pressure resulting in a
closer packing. The second step involves particle frag-
mentation and subsequent repacking of the fragments.
The magnitude of the rearrangement force is a function
of particle size, pore size, contact angles, particle mor-
phology and liquid phase content [26,28].
At the sintering temperature, the contact angle values

of the liquid phase on both cordierite and mullite sub-
strates were �=18� and �=23�, respectively and its
viscosity resulted equal to 1.3�102 Pa.s. The relatively
high contact angles could limit the complete penetration
of the boundaries by the melt unless a great amount of
liquid is present as it occurs in our system (6 wt.%
glass). The higher viscosity of the liquid, the higher the
amount of liquid phase needed for the rearrangement of
particles due to the fact that its spreading out is retar-
ded. The high viscosity and the low surface energy of
the siliceous liquid as the studied one limit both the
capillary pressures at the contact points of the wetted
particles and the coefficient diffusion [28]. Due to the
last factors, it is suggested that the contribution of
solution-reprecipitation events (secondary stage in
which the densification mainly occurs through particle
morphology accommodation, the dissolution of small
particles and precipitation over the larger ones) to the
densification mechanism should be minor. This possibi-
lity was further verified by examining the developed
microstructure.

3.6. Kinetics of densification

The kinetics of densification of the coarse single frac-
tion and the 50/50 wt.% binary mixtures was studied. In
Fig. 4, the change in the densification degree was plot-
ted as a function of time of permanence at sintering
temperature.
A significant increment in the densification degree was

determined up to 2 h. From this time, no variation in

the ‘final density’ values was registered. As would be
expected for a liquid-phase sintering, the densification in
these materials was very fast once the liquid was
formed. After treatment at 1450 �C, binary mixtures (at
10 min) and coarse single fraction (at 30 min) had
already reached about 95 and 80% of the theoretical
density, respectively. In F/C, M/C and F/M materials
treated during 2 h at the same temperature, the final
densities differed between them about 1%. The higher
value was achieved in the F/M material (96.89%) and
the lower one was obtained in the C material (94.16%):
with a smaller mean particle size as in the case of the
F/M material (D50=0.7 mm), the rearrangement was
favored and the final density was higher.
Furthermore, differences in the ‘densification rates’

were observed. In regard to the binary mixtures, the F/
M presented the highest shrinkage rate while the M/C
was the material which sintered more slowly: after 30
min at 1450 �C, F/C and F/M achieved the densification
limit while this value was just attained at 2 h in M/C
and C materials.
It must be noted that every binary mixture sintered

much more rapidly than the single fraction C which has
the lower packing density. In general, the less effective
initial packing reduces the densification rate while it
improves the final density. The packing effectiveness or
relative density of the green compacts (% �G/�R) influ-
ences on the sintering rate. As the green density increa-
ses, there is more mechanical interlocking and less
amount of the pore phase. Consequently, the liquid
cannot flow into the surrounding pores and the capillary
force responsible for rearrangement is reduced [26]. So,
a possible explanation for the lower densification rate of
C in relation to binary materials could be given by con-
sidering the influence of the mean particle sizes and their
shapes besides the packing effectiveness. Each granulo-
metric mixture has particles with small mean size (D50 F/C

=0.9 mm, D50 F/M=0.7 mm, D50 M/C=1.2 mm) and more

Fig. 4. Densification degree achieved in C and F/C, M/C, F/M 50/50

materials sintered at 1450 �C as a function of the sintering time.
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Fig. 5. SEM photographs of C material sintered at 1450 �C during: (a) 30 min and (b) 4 h.

Fig. 6. SEM photographs of materials sintered at 1450 �C during: 10 min (a) F/C 50/50, (b) M/C 50/50 and (c) F/M 50/50 and 4 h (d) F/C 50/50,

(e) M/C 50/50 and (f) F/M 50/50.
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regular and smooth shape in respect of the large
(D50=1.82 mm) irregular and flat particles of the single
fraction C. Both factors could be enhancing the densifi-
cation rate in binary materials in spite of a more effec-
tive packing when the sintering mechanism by a liquid-
phase process is operating since the rearrangement can
be aided by small smooth particles [25].
SEM photographs of the single fraction C sintered

during 30 min and 4 h and binary mixture materials
sintered for 10 min and 4 h are shown in Figs. 5 and 6,
respectively. In Fig. 3, the microstructure of the samples
sintered during 2 h were showed before.
In C sample, a high porosity can be observed at 30

min, and a coarsening of the mean pore size is detected
when the time of the thermal treatment increases. This
pore coarsening can be attributed to particle rearrange-
ment. The mean pore size increases even as the total
porosity decreases because of the shrinkage by sintering.
With respect to materials obtained from the binary
granulometric mixtures thermally treated during 10
min, higher porosity was observed in the order
F/M<F/C<M/C in agreement with the measured final
densities. After 2 h (Figs. 3d–f) and 4 h (Fig. 6) at
1450 �C, a significant difference in the developed
microstructures was not appreciated. In every material,
similar grain sizes with a slight increment in those
obtained after 4 h was observed. As it was already
mentioned, the more homogeneous microstructures
with the narrowest grain size distributions corresponded
to F/M at every sintering time.
After 10 min of thermal treatment at 1450 �C it can be

inferred that the densification by secondary rearrange-
ment of the particle fragments is already operating due
to the fact that the observed mean grain sizes were
always smaller than the starting mean particle sizes and
some densification had occurred. Also, the porosity
observed at 2 h in every material is notably lower in
agreement with the measured final densities.
Additionally, it is interesting to note that a significant

grain growth did not occur (Table 3) neither a change in
the morphology of the grains (Fig. 3), supporting the
assumption that little or no dissolution and precipita-
tion takes place during densification.

4. Conclusions

In general, the densification degree of the materials
was improved by decreasing the mean particle size of
starting granulometric distributions or formulating bin-
ary granulometric mixtures with more than 50 wt.% of
the smaller particles. However, the binary mixtures with
the best green densities not always achieved the highest
final densities by sintering. The lowest mean particle size
of F/M 70/30 wt.% granulometric distribution together
with its more regular particle shape were assumed as the
more important factors that contributed to the highest
densification of this material. In addition, the most
homogeneous grain size distribution (the narrowest one)
with the small mean grain size was observed in F/M
microstructure.
For all materials involved, the grain sizes were smaller

than the initial particle ones due to the fact that the
particle-particle rearrangement takes place, assuming
that a liquid-phase sintering mechanism is operating.
On the other hand, neither a significant grain growth
with the increasing sintering time nor a change in the
morphology of the grains are observed. These facts, in
addition to the high viscosity and the low surface energy
of siliceous liquids as the studied one, support the fact
that few or no events of dissolution-reprecipitation
contribute to the mechanism of densification.
In general, the more effective packing reduces the

densification rate while it improves the sintered density.
However, the coarse commercial material with the low-
est green density exhibited the worst sintering behavior
achieving the lower final density at the longest sintering
times in relation to binary mixtures. The high particle
size of the first material and its more irregular shape are
two factors that strongly diminish its sintering rate
because the rearrangement is aided by small and smooth
particles.
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ámicos de Cordierita y Cordierita-mullita, PhD thesis, Uni-

versidad Nacional de Mar del Plata, 1999.

[19] A.S.V. Galakhov, V. Shevchenko, Analysis of two-dimensional

packings, Ceram. Int. 18 (1992) 213–221.

[20] H. Kodama, Infrared spectra of minerals. Reference guide to

identification and characterization of minerals for the study of

soils, Research Branch Agriculture Canadá, 1985.
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