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Solid state reactions of cordierite precursor
oxides and effect of CaO doping on the thermal
expansion behaviour of cordierite
honeycomb structures
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The extruded cordierite honeycomb structure from a stoichiometric formulation of talc,
kaolinite, and alumina was subjected to TGA-DSC, dilatometric and XRD investigations.
The experimental observations were made to identify the phase transformation sequence
in order to understand the solid state reactions involved in the cordierite formation. A
maximum cordierite content of 90% was achieved for the samples sintered at 1693 K with a
soaking time of 4 h, corresponding to a lowest coefficient of thermal expansion (CTE) of
0.74 × 10−6/K (along the direction of extrusion) was observed. Attempts were made to
establish correlations with cordierite content, processing temperature and CTE of the
samples. A few mechanisms are proposed to explain our observations. Attempts are also
made to rationalize the low CTE observed along the direction of extrusion on the basis of
orientation of anisotropic cordierite crystals as revealed by the transverse I-ratio calculated
from the XRD patterns. Effect of CaO doping on CTE of cordierite has been studied in the
present work. It was observed that though there is an increase in bulk thermal expansion of
cordierite honeycombs on CaO doping due to the absence of micro-cracks as reveled by
thermal cycling hysteresis, axial anisotropy was found to be reduced significantly. C© 2003
Kluwer Academic Publishers

1. Introduction
Cordierite (2MgO·2Al2O3·5SiO2) based honeycomb
structure has received a great deal of interest because
of its unique properties such as low coefficient of ther-
mal expansion (CTE) and high thermal shock resistance
[1–3]. Because of these properties, cordierite honey-
combs have been extensively used for various applica-
tions such as substrates for emission control catalysts
in automobiles and stationary sources [4–8], diesel par-
ticulate wall flow filters [4], ceramic gas turbine heat
exchangers [9], hot gas filters [9], molten metal filters
[10], etc. In the year of 2001, over 80 million cordierite
substrates were used to meet the world market, making
it one of the most significant technical ceramic products
[4].

As naturally occurring cordierite mineral is very
scarce, and impure in nature, cordierite products are
obtained by following synthetic route [11]. Although
cordierite products are synthesized by a number of
methods such as, sol-gel [12, 13], spray pyrolysis [14]
and co-precipitation [15], the most popular technique
available is the solid-state reaction of precursor oxides
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[1, 3, 6, 16, 17] namely talc, kaolinite and alumina on
account of its cost effectiveness and their abundance
in combination with the adaptability for forming and
firing process [18, 19]. However, these raw materials
being mineral origin, the whole series of reactions in-
volved in the cordierite formation is governed espe-
cially by the habitat, chemical composition, particle
size and morphology, hence, the prior designing of the
appropriate precursor oxide mix, sintering schedule and
understanding of the evolution of cordierite through-
out processing temperature range are very important
for the optimization of the processing parameters for a
particular set of raw materials. One of the most difficult
problems associated with the preparation of cordierite
ceramics is the narrow temperature interval for sinter-
ing which is located just below the incongruent melting
point of pure cordierite [16]. This narrow temperature
range demands reasonably well-controlled temperature
conditions during densification. Moreover, the densifi-
cation behaviour and melting point of cordierite is a
direct consequence of impurities present in the precur-
sor materials [3, 20] such as, K2O, CaO, Fe2O3, etc.,
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which significantly increases the thermal expansion co-
efficient of cordierite. Since, naturally occurring raw
materials are associated with various impurities, it be-
comes necessary to understand the effect of these im-
purities on the key properties of honeycombs.

In the present study, a systematic work was under-
taken to understand the evolution of cordierite from a
set of raw materials such as talc, kaolinite and alumina.
In this connection, green honeycomb extruded from
talc, kaolinite and alumina in the cordierite stoichiom-
etry was subjected to simultaneous thermogravimetry-
differential scanning calorimetry (TG-DSC), dilato-
metric, and X-ray diffraction (XRD) studies. Further,
the effect of CaO, a common impurity generally present
in the talc playing a dominant role on critical proper-
ties of honeycomb has also been studied by doping the
known quantities of CaO in the cordierite stoichiome-
try. Moreover, in order to understand the effect of con-
figuration on thermal expansion behavior, a cylindri-
cal solid rod was extruded and sintered. These samples
were further subjected to dilatometric and XRD mea-
surements under identical conditions.

2. Experimental
2.1. Extrusion of cordierite precursor oxides
Based on ternary phase diagram SiO2-MgO-Al2O3, the
specially selected raw materials such as talc, kaolinite
and alumina were formulated to achieve the cordierite
stoichiometry, having composition of 51 mass% SiO2,
35 mass% Al2O3 and 14 mass% MgO [16]. The chem-
ical composition and physical properties of talc, kaoli-
nite and alumina used in this investigation are given in
the Table I. Initially, a homogeneous mixture of raw
materials was kneaded into extrudable dough with the
addition of proper amounts of binder (methylcellulose),
plasticizer (polyethylene glycol) and water in a sigma
kneader. Thus obtained dough was then extruded into
honeycomb structures having 100 mm diameter and
150 mm length with a channel wall thickness of 0.2
mm using an indigenously designed and fabricated ex-
trusion die [6, 16, 17]. A part of the dough was also ex-
truded into a cylindrical solid rod. The extrudates were
dried in an oven prior to sintering in a programmable
electrical furnace at heating rate of 120 K per hour up
to the peak temperature of 1693 K for a soaking period

T ABL E I Physico-chemical properties of raw materials

Physico-Chemical properties Talc Kaolinite Alumina

Chemical composition
SiO2 (mass%) 60.0 44.0 0.1
Al2O3 (mass%) 2.1 40.2 97.7
Fe2O3 (mass%) 0.6 0.4 0.2
TiO2 (mass%) 0.08 0.4 0.18
CaO (mass%) 0.4 <0.1 0.7
MgO (mass%) 31.1 <0.1 0.1
Na2O (mass%) <0.01 0.11 0.33
K2O (mass%) <0.01 <0.01 <0.1
Moisture (%) – 1.0 –
LOI (RT to 1273 K) 5.5 13.8 0.6
Average particle size, (µm) 21.62 2.86 6.61
BET surface area (m2 g−1) 0.697 17.15 0.073
Crystalline phase Talc Kaolinite α-Al2O3

of 4 h and maintaining cooling rate of 200 K per hour
to room temperature. Further, cordierite raw mix was
doped with 0.5 mass%, 1.0 mass% and 1.5 mass% of
CaO by mass and the honeycombs were extruded and
sintered under identical conditions as elaborated above.

2.2. Characterization of samples
Sintered cordierite specimens were characterized for
their bulk density, apparent porosity and water absorp-
tion by Archimedes principle. In order to study, the
extent of physico-chemical changes occurring in green
honeycombs over the processing temperature ranges,
the specimens were subjected to the simultaneous
thermo-gravimetric (TGA) and differential scanning
calorimetric (DSC) analysis using Netzsch, TGA-DSC-
PG/PC analyzer from room temperature to 1693 K.
The specimens were subjected to dilatometric analy-
sis along as well as across the channels (i.e., direc-
tion of extrusion) using a push rod type dilatometer
(Netzsch 402C) incorporating the sample holder cor-
rection to determine the linear changes taking place in
the samples and hence to achieve the firing profiles.

The evolved phases corresponding to the transfor-
mations and thermal events were identified by taking
very thin layers of powder samples on zero background
plates, using Bruker’s D8 advance XRD system with
Cu-Kα radiation. The thin layer sample reduced the
absorption effects taking place within the sample as
most of the phases are made of low atomic number
elements, hence, have greater depth of penetration and
could give raise to wider Bragg peaks. The purpose
of using zero background plate was to further ensure
that the sample characteristic amorphous content must
be made to exhibit its nature in the XRD pattern
clearly, visible and should not be merged with that
of the amorphous nature of the sample holder plates
such as glass, plastic, perspex, etc., if used. Further,
the cordierite samples doped with CaO were also
subjected to dilatometric and XRD measurements and
the lattice parameters were calculated.

In order to determine the thermal expansion behavior
of solid rod and honeycomb, and to estimate the extent
of orientation of the cordierite crystals and their effect
on critical properties, XRD patterns and dilatometric
curves for honeycombs (parallel and perpendicular to
the channels) were recorded. Further, the transverse I
ratio of the samples were calculated from the XRD data
using the following Equation [3]

Transverse I ratio, (I ) = I(110)

I(110) + I(002)

(where I(110) and I(002) are the heights of Bragg peaks
corresponding to the cordierite (110) and (002) Miller
planes).

3. Results and discussions
3.1. Thermogravimetry and differential

scanning calorimetry
TG-DSC curves recorded on the green honeycomb from
room temperature to 1693 K are shown in Fig. 1. As
can be seen from Fig. 1, TG curve shows an initial
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Figure 1 TG-DSC profile of honeycomb made from talc, kaolinite and alumina oven dried for overnight.

weight loss of about 1.5% between 503 and 513 K
followed by a major weight change of about 9.53%
in the temperature range of 553 to 623 K, which can
be attributed to the pyrolytic degradation of methyl
cellulose and polyethylene glycol used as binder and
plasticizer, respectively, used in the extrusion of hon-
eycomb structures [21]. Presence of exothermic DSC
peaks at 510 K and 619 K with enthalpy change of
1435 J/gm further supports this observation. Another
weight change of 4.55% along with an exothermic peak
at 721 K and 823 K observed could be attributed to the
organic burn out overlapped by the thermally induced
de-hydroxylation of kaolinite [2Al2(OH)4(Si2O5)] to
metakaolin [2Al2Si2O7] [22]. An exothermic peak ob-
served at 987 K may probably be due to the decomposi-
tion of minor impurities such as carbonates at these tem-
perature ranges. Fig. 1 also shows another exothermic
DSC peak and the thermo-gravimetric weight change of
1.5% in the temperature range of 1173 K to 1223 K. This
may probably be due to the removal of structural water

Figure 2 Dilatometry profile of honeycomb made from talc, kaolinite and alumina oven dried for overnight.

resulting from the dehydroxilation at these temperature
ranges. After this transformation, there appears to be
no major thermo-gravimetric weight change occurring
up to 1693 K, however, many exothermic and endother-
mic DSC peaks are observed in the temperature range of
1473 K to 1673 K due to solid state reactions of decom-
position products leading to the formation of cordierite.
These results are in good agreement with the previous
studies [23].

3.2. Thermo-dilatometric studies
Dilatometric curve of the green honeycombs recorded
from room temperature to 1693 K is shown in Fig. 2. As
can be seen from Fig. 2, that a linear shrinkage of 0.13%
at 773 to 823 K and 0.86% in the temperature range of
1173 to 1223 K coincides with the transitions observed
in TG-DSC curves as explained above (Fig. 1). A major
slope change in the temperature range of 1423 K to 1523
K can be attributed to the transformation of amorphous
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Figure 3 X-ray diffraction patterns of talc, kaolinite, alumina and a honeycomb containing a mixture of talc, kaolinite and alumina in cordierite
stoichiometry calcined at 1173 K.

silica to crystobalite overlapped by the initiation of solid
state reactions leading to the cordierite formation. Fur-
ther, a linear shrinkage of 0.12% at 1533 K followed by
a linear expansion at 1620 K confirms with the thermal
events as observed in TG-DSC curves.

3.3. X-ray diffraction studies
Fig. 3 shows the X-ray diffraction patterns (XRD) of
talc, kaolinite and alumina powders calcined for 4 h
at 1173 K along with the cordierite raw mix (formu-
lated in the weight ratio 1 : 0.892 : 0.321 of kaolinite,
talc and alumina, respectively) and extruded to hon-
eycomb structures. It is evident from Fig. 3 that X-ray
diffraction of kaolinite samples at 1173 K shows several
amorphous phases with a hump in the region of 15–30◦
2θ , along with quartz resulting from the break down of
meta-kaolin lattices. Bindley et al., have also reported
similar observations like amorphous band at these an-
gular regions, based on their studies [22]. XRD patterns
of talc calcined at 1173 K show the presence of quartz,
clinoenstatite along with the un-decomposed talc. XRD
patterns of alumina showed the presence of α-Al2O3
along with the small amounts of γ -Al2O3, which is ex-

pected. However, the raw mix at 1173 K showed sev-
eral peaks in addition to the peaks corresponding to
individual un-reacted raw materials or their decompo-
sition products indicating the solid state reactions or
transformations of their decomposition products.

Fig. 4 shows the XRD patterns of honeycombs cal-
cined at 1373 K, 1523 K, 1623 K, 1693 K, 1703 K
and 1713 K for 4 h. From this figure, it is clear that
at 1373 K the talc completely changes into clinoen-
statite (MgSiO3) form, a high temperature stable form
along with the appearance of mullite (3Al2O3·2SiO2)
from metakaolin. Cordierite phase development starts
at 1523 K as is evident from the appearance of the char-
acteristic lines at 10.4◦ 2θ corresponding to the Miller
indices (020) and (110).

At 1623 K, cordierite phase (Mg2Al4Si5O18) emer-
ges as a major phase with its concentration around 52%
at the expense of other phases as compared to the phases
observed up to 1523 K. On further heating to 1693 K,
the concentration of cordierite phase further increases
to more than 90% with the minor phases such as α-
Al2O3, mullite and spinel. However, on further heating
to 1703 K, it was observed that the sample undergo
softening followed by melting at 1713 K resulting in the
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Figure 4 X-ray diffraction patterns of cordierite honeycomb sintered at temperatures between 1173 K and 1713 K.

collapse of the channels along with the corresponding
decrease in cordierite phase to 28%. These results are
well correlated with the observations made in the earlier
studies [6, 13, 23].

3.4. Effect of cordierite content
on coefficient of thermal expansion

The bulk density, apparent porosity and water absorp-
tion values of sintered cordierite honeycomb are found
to be 1.6 g/cc, 27% and 17%, respectively. A plot of
cordierite content as obtained from the XRD investi-
gations versus coefficient of thermal expansion values
from 303 K to 973 K (after incorporating the calibra-
tion correction with fused silica standard) is shown in
Fig. 5. It is evident that as the temperature increases
from 1653 K to 1673 K the cordierite content was in-
creased from 54% to 72% with corresponding gradual
decrease in CTE from 2.86 × 10−6/K to 1.72 × 10−6/K.
The maximum cordierite content of around 90% at the
sintering temperature of 1693 K corresponds to the low-
est CTE of 0.74 × 10−6/K. On increasing the sintering
temperature further to 1703 K the cordierite content re-

duced to 68.6% with corresponding increase in CTE to
1.2 × 10−6/K. When the sintering temperature was fur-
ther raised to 1713 K the CTE further increased to 2.4 ×
10−6/K, which might be due to the collapse of the hon-
eycomb structures along with the decrease of cordierite
content to 28%. Therefore, the cordierite content along
with other phases is playing a dominant role in deter-
mining the CTE.

The cordierite generally exhibits a bulk thermal ex-
pansion of 1.5 × 10−6/K in the temperature range of
303 K to 973 K [9]. However, the thermal expansion
of 0.74 × 10−6/K in case of these honeycomb struc-
tures can be attributed to the preferred orientation of
cordierite crystals, which are highly anisotropic in na-
ture [1]. It is well known that cordierite exhibit a hexag-
onal ring structure by sharing the corners of five silicon
and aluminum tetrahedra with additional tetrahedra and
magnesium octahedra network connecting the alternate
hexagonal rings [24, 25]. This configuration results in
the formation of two structural holes or vacant sites per
unit cell parallel to the c-axis of the crystal. This results
in a negative expansion along the c-axis and a positive
thermal expansion along the other axes. This thermal
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Figure 5 Variation of co-efficient of thermal expansion as a function of cordierite content in the sintered honeycombs.

anisotropy induces thermal stresses in polycrystalline
cordierite honeycomb structures, which results in the
formation of micro-cracks [26]. In addition, the pres-
ence of other phases with higher coefficient of thermal
expansion such as α-Al2O3 (9 × 10−6/K), MgAl2O4
(8.8 × 10−6/K), Al6Si4O13 (4.5 × 10−6/K) in the ma-
trix of low expanding cordierite Mg2Al4Si5O18 (1.5 ×
10−6/K) causes thermal strain which induces micro-
cracks. The presence of micro-cracks is also evident
from the hysteresis of the dilatometric curve (incorpo-
rating sample holder correction) recorded while heating
(from RT to 973 K) and (from 973 K to RT) for sintered
honeycomb samples as depicted in Fig. 6. When the
honeycombs are heated, the crack healing occurs and
on cooling the internal stresses become large, which
reinitiate the microcrack formation leading to hyster-
isis in thermal expansion [27]. On thermal cycling
the cracks open and close thereby compensating the

Figure 6 Thermal expansion hysterisis loop of cordierite honeycomb showing the evidence of micro cracking.

dimensional change which otherwise manifested as the
thermal expansion.

Hochella et al. [28] attempted to correlate the ther-
mal expansion properties of cordierite with structural
changes as a function of increasing temperature. On
heating the sample, due to its unique structural features
described above and anisotropic expansion of MgO oc-
tahedra results in the rotation of six numbered rings in
clockwise and anti-clockwise direction in alternate lay-
ers perpendicular to c-axis. This interplay of the tetra-
hedral framework is associated with the change in bond
angles contributing towards lower expansion.

3.5. Thermal anisotropy in solid and
honeycomb cordierite samples

The CTE values of the cordierite solid rod specimens
and the honeycomb (along the channels and across the
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T ABL E I I Transverse I ratios and coefficient of thermal expansion
values of honeycombs and solid rods sintered at 1693 K for 4 h

Coefficient of
thermal expansion Transverse

S. No Specimen identification (×10−6/K) I ratio

1 Solid Cordierite 1.1 0.56
2 Honeycomb along the channels 0.74 0.30
3 Honeycomb across the channel 1.42 0.70

channels) and the corresponding transverse intensity
(I ) ratios calculated from the XRD patterns of the solid
rod, honeycomb samples along with the CTE values
are given in Table II. It is evident from Table II that the
solid rod specimens show thermal expansion of 1.1 ×
10−6/K, which is higher in comparison with the value of
0.74 × 10−6/K observed for honeycomb samples along
the direction of extrusion. In addition to this, a higher
CTE value of 1.42 × 10−6/K was observed for honey-
combs across the direction of extrusion as compared to
that of along the extrusion direction.

Lachman et al. [1, 3] have reported that the cordierite
samples with preferentially oriented crystals along
with C-axis generally exhibit a lower transverse I ratio
in comparison to the samples with randomly oriented
crystals. Thus, the lower CTE of 0.74 × 10−6/K and the
corresponding low transverse I ratio of 0.30 observed
with present study for the honeycomb samples along
the direction of extrusion can be attributed to the
preferential orientation of cordierite crystals along the
C-axis in the direction of extrusion. This is further
evident from the transverse I-ratio of 0.56 observed for
the solid rod along the direction of extrusion and the
crystal transverse I-ratio of 0.70 observed across the
direction of extrusion in the case of honeycombs, in
which the orientation of cordierite crystals are consid-
ered to be random. The preferred orientation in case of
honeycombs can be attributed to the higher degree of
shear stresses being imposed on the dough during the
honeycomb extrusion process and also due to the sin-
tering schedule adopted. The preferred orientation of
cordierite crystals leads to the different CTEs along and
across the direction of extrusion of honeycomb leading
to thermal anisotropy. Thus, these results are well
correlated with the observation made by Lachman et al.
[1, 3].

3.6. Effect of CaO on CTE of honeycombs
Cordierite honeycombs doped with 0.5%, 1.0% and
1.5% of CaO were sintered at 1673 K for 4 h and were
subjected to dilatometric measurements (using fused
silica as a calibration standard) from 303 K and 973 K
and also by X-ray diffraction studies. A marginal in-
crease in bulk density to 1.65 g/cc and corresponding
decrease in apparent porosity to 25% and water ab-
sorption to 15% was observed in comparison to the
un-doped cordierite honeycomb samples when it was
doped with 1.5 mass % CaO. The CTE values are plot-
ted in Fig. 7A as a function of CaO content. It can be
seen from Fig. 7A that a lowest CTE value (0.74 ×
10−6/K) for honeycomb doped with 0% CaO, however,

Figure 7 Effect of CaO content on (A)-CTE and (B)-c-axis lattice pa-
rameter of cordierite honeycomb sintered at 1673 K for 4 h.

with the increase of CaO content to 1.5%, the CTE value
increased to 2.23 × 10−6/K. This clearly indicates the
major role of CaO in determining the CTE. Lachman et
al. [3] have also reported an increase of CTE with the
increase of CaO restricting the preferential orientation
of cordierite crystals in the honeycomb structures [3,
25] by influencing reactions and thermal events during
the firing cycle.

In order to see the effect of CaO doping on cordierite
lattice, the precision lattice parameters were calculated
from the experimental XRD data, using NBS*83 com-
puter evaluation program obtained from International
Centre for Diffraction Data (ICDD), USA. A plot show-
ing the effect of c-parameter as a function of CaO con-
tent are given in Fig. 7B. It is evident from Fig. 7B
that there is an increase in c-lattice parameter with re-
spect to CaO content may be due to the presence of
doped Ca2+ atoms occupying the vacancies parallel to
the c-axis formed by the layered cordierite structure as
described above.

Thus, as the temperature increases, the Ca2+ occupy-
ing the vacancies may inhibit the contraction along the
c-axis and hence the thermal expansion compensation
may not occur for other axes leading to low anisotropy
[29]. This results in high thermal expansion values. In
addition to this, considering the Mg2+ site the bulk ther-
mal expansion is not only dependent on the expansion
of Mg–O bonds but also on the size consideration of the
atom occupying the Mg2+-site. Ca2+ with high ionic
radii in comparison to Mg2+ partially occupying the
octahedral site may also hinder the clockwise and anti-
clock wise rotation of octahedral rings leading to higher
expansion values.

A typical dilatometric curve recorded (incorporat-
ing sample holder correction) for the calcium doped
cordierite from (RT to 973 K) and from (973 K to RT)
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Figure 8 Thermal expansion hysterisis loop of cordierite honeycomb doped with 1.5 mass% CaO.

Figure 9 Thermal expansion curves of honeycombs without doping and doped with 1.5 mass% CaO recorded along and across the channels.

is shown in Fig. 8. This curve clearly shows a low ther-
mal hysteresis in comparison with the un-doped hon-
eycomb sample indicating significant reduction in the
amount of micro-cracks. This can be correlated with
the low anisotropy in axial thermal expansion induced
because of the calcium doping to the cordierite crystal-
lites as described above. Moreover, the increase in ther-
mal expansion values observed for the calcium-doped
honeycombs can be attributed to the decrease in the
thermal anisotropy further leading to a decrease in the
amount of microcracks with the increase of Ca2+ con-
tent. The thermal expansion curve of the honeycomb
recorded (along and across the direction of extrusion)
for undoped honeycomb and honeycomb doped with
1.5% CaO from room temperature to 973 K is shown
in Fig. 9. It is evident that though there is an over-
all increase in the CTE due to the doping of Ca2+, a
significant reduction in anisotropy can be achieved for
honeycomb structure by doping with Ca2+. These ob-
servations can be well correlated with the earlier studies
[29].

4. Conclusions
1. The honeycomb structure extruded from indige-

nously available precursor oxides such as kaolinite, talc
and alumina was subjected to TG-DSC, dilatometry
and XRD investigations. The evolution of cordierite
through a series of transformations or solid state reac-
tions of these precursor oxides at various processing
temperatures has been identified.

2. A maximum cordierite content of greater than
90% and a corresponding lowest CTE of 0.74 × 10−6/K
has been observed at 1693 K soaked for 4 h with respect
to the indigenous raw materials and processing condi-
tions employed in the present study. The honeycomb
samples exposed to more than 1693 K resulted in the
decomposition of cordierite leading to relatively high
coefficients of thermal expansion.

3. Honeycomb samples sintered have shown a low
CTE (RT-973 K) of 0.74 × 10−6/K along the direction
of extrusion and 1.42 × 10−6/K across the direction
of extrusion in comparison to the solid rod samples
exhibited a CTE of 1.1 × 10−6/K. These observations
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are found to be well correlated with the orientation of
cordierite crystallites as revealed from the transverse I
ratio calculated from the XRD patterns.

4. The presence of micro-cracks due to the axial
anisotropy of the cordierite crystallites and hence low
bulk thermal expansion observed are evident from the
thermal expansion hysteresis, recorded while heating
and cooling cycle of the honeycomb structures.

5. On doping of Ca2+, it is found to occupy the va-
cancies parallel to the c-axis resulting in corresponding
increase in c-lattice parameter, which in turn restricts
the contraction along the c-axis leading to a signifi-
cant reduction in anisotropy. While in thermal cycling,
however, an increase in bulk thermal expansion was
observed due to the absence of micro-cracks resulting
from low anisotropy as revealed by the low thermal
hysteresis.
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