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Abstract. Pure cordierite and cordierite—ZrO, composite (5-20 wt% ) ceramics for various stoichiometric compo-
sitions were synthesized from standard raw materials by a novel precipitation technique. The analytical techniques
such as X-ray diffraction, simultaneous thermogravimetric and differential thermal analysis, Fourier transform
infrared spectroscopy, scanning electron microscopy and bulk density were employed to evaluate the properties and
microstructure. Results show that the ceramic composites consist of cordierite and zircon phases. The cordierite—
zirconia (20 wt%) increased the fracture toughness value from 3.38 to 3.94 MPa, which is mainly due to marten-
sitic transformation present in zirconia. The flexural strength of composite was found to increase from 126.46 to
297.62 MPa. The thermal expansion coefficients of cordierite and cordierite—zirconia (20 wt%) were 4.08 x 10 —6

and 4.42 x 10~%°C~! which may be due to the addition of zirconia.
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1. Introduction

The mechanical properties play a major role in determin-
ing the suitability of any material for specific applications in
engineering applications. The desirable properties of ceramic
systems are obtained by proper selection of the stoichio-
metric composition needed for the formation of crystalline
phases. Fine-grain developed microstructure improves the
thermo-mechanical properties,! in high temperature appli-
cations like kiln furniture, molten metal filter, microelec-
tronic components and industrial heat recovery.> Cordierite
ceramic is used increasingly in thermal-related applications
due to its low thermal expansion and high refractoriness.
Cordierite ceramic have lower cost of operation, chemically
inert, high reliability and durability, low pressure drop, fast
heating time and structural stability at high temperatures.
This is a requirement for thermal shock resistance and for use
in severely exhaustive environments at high temperatures.’
The impetus of cordierite research activity is mainly due to
their prominence in the current market scenario.

There have been different synthesis procedures for
cordierite ceramic like conventional and unconventional
techniques (sol-gel, precipitation, co-precipitation, etc.). The
conventional method described for synthesizing cordierite
ceramic is carried out by using naturally available materials
like kaolin and talc for specific application in casting* and
also by two different methods (mechanical and precipitation

* Author for correspondence (msv305@yahoo.co.in,
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Cordierite; zirconia (ZrQ); temperature; phase transformation; properties.

technique) by using nonstandard raw materials kaolin, talc,
feldspar, silica and sepiolite for foundry application.’ Resear-
chers have also prepared pure cordierite powders through
the sol—gel technique.® The mechanochemical activation per-
formed on starting materials kaolin, pyrophyllite and talcum
showed synthesis by solid-state reaction occurred at lower
sintering temperature, also reported low thermal expansion.’

Cordierite is not easily obtained by solid-state reactions
from oxides, because of its refractory character. Synthetic
powders exhibit heterogeneous surface properties and even
chemical inhomogenity. Hence for better homogeneous mix-
ture, the addition of sintering aids or impurities was intro-
duced. The final (especially mechanical) characteristics of a
ceramic body are strongly dependent on the nature of the
starting powder, an improvement in the reliability and repro-
ducibility of cordierite properties is highly desirable. The
powders synthesized without sintering aid reported either
very low or no improvement in mechanical properties thus
proved that it is difficult to promote sintering without a sin-
tering aid. This was due to its narrow sintering range around
1420°C and has its incongruent melting at 1450°C.® The use
of sintering aid results in lowering of the crystallization tem-
perature and increases the thermal expansion coefficient thus
making it difficult to produce a high density and high strength
cordierite ceramic material.

Cordierite has relatively poor mechanical properties com-
pared to other ceramic materials, and in order to enhance
its mechanical properties, zirconia, titania, ceria, etc., have
been added to the cordierite matrix as a secondary phase.
The interaction between cordierite and copper and/or cerium
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oxides revealed that copper oxide had reacted at 900°C with
the formation of a new phase (the spinel, CuA1,04); on the
contrary cerium oxide does not react up to 1200°C.° Modi-
fications in the microstructure and mechanical properties of
ceria-doped cordierite have been investigated from miner-
als such as kaolin, talc and alumina, slurried with water and
plasticizers.!® Cordieritetitania synthesized from talc and
clay produced materials with reduced thermal expansion.'!
Gel cast forming method using tert-butyl alcohol improved
the low temperature sintering of the cordierite powder.'?
Cordierite formation was observed at low sintering tempe-
rature (1300°C) with the addition of TiO, dopant. Titania-
doped cordierite exhibited better mechanical properties and
low thermal expansion coefficient. The addition of the dopant
showed a remarkable influence on crystallization.'?

There are wide ranges of techniques available, and each
requires different characteristics in the starting powder.
Therefore it is essential that the production processes are
capable of being controlled to produce the desired properties,
and characterization techniques exist to be able to monitor
them. For these reasons, an alternative method for processing
by chemical route, ‘precipitation process’ that would yield
highly reactive and better controlled cordierite particles, have
been developed.

The precipitation technique using aluminium sulphate,
magnesium sulphate and sodium silicate solution with zirconia
powder between 15 and 35 wt% resulted in highly densified
cordierite. The results showed good sintering characteristics
with improved mechanical properties at zirconia composition
of 15 wt%.'* The reports suggested that the cordierite matrix
dispersed with fine zirconia (ZrO,) increased the mechanical
properties but affect the sinterability of the composites'> and
the dispersion of ZrO, particles as a second phase enhanced
the mechanical properties of cordierite.'

The present research work is focused on the synthesis of
highly homogeneous cordierite and cordierite—zirconia (5—
20 wt%) ceramic. The ceramic composites were prepared from
standard raw materials by the precipitation technique, novel
technique for synthesis. The physical, thermo-mechanical
properties were investigated to evaluate the porosity, density,
hardness, fracture toughness, flexural strength and coefficient
of thermal expansion. The proposed research is carried out
to examine its possibility as an alternate material for high
temperature applications.

2. Materials and methods

2.1 Sample preparation

Synthesizing by precipitation technique of cordierite and
cordierite—zirconia was done with a stoichiometric composi-
tion of cordierite (MgO: 13.8 wt%, Al,Os: 34.8 wt%, SiO;:
51.4 wt%) and zirconia (5-20 wt%). Oxides of the starting
powders were mixed with water as the solvent and sodium
hydroxide, and then precipitated with sodium carbonate and
hydrochloric acid. The precipitate was filtered and washed
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until the presence of Na* is diminished. The precipitate was
dried at 100°C for 12 h. The cordierite—zirconia samples
were added with zirconia (5-20 wt%). The samples were wet
milled for 3 h and dried at 100°C for 12 h. Then it was fol-
lowed by dry milling at 2 h. The dried sample powders were
added with 1 wt% flux. The precursor powders were then
uniaxially pressed into pellets and round bars at 240 MPa to
10 mm in diameter, using 1 wt% of polyvinyl alcohol (PVA)
as a binder. The green compacts were calcined at 400°C for
3 h at a slow heating rate 2°C min~! to avoid uneven shrink-
age, bending and to burnout the binder. The calcined com-
pacts were sintered at different temperatures between 1000
and 1350°C for 3 h.

2.2 Characterization

The prepared samples were characterized by diffractome-
ter (XRD 3000, SEIFERT) with a graphite monochromatic
Cu-Ke radiation of 1.5406 A operating at 30 kV and 40
mA to study the X-ray powder diffraction (XRD). The XRD
patterns were acquired in the 20 range of 5-70° to deter-
mine the phase evolution at different sintering temperatures.
The thermogravimetric and differential thermal analysis
(TG/DTA) curve was obtained from the thermal analyzer
(NETZSCH STA 409 C/CD TG/DTA Instrument) at a heat-
ing rate of 10°C min~!, to study the thermal decomposi-
tion and phase evolution of the dried powders. The structural
deformation and bonding nature of the heat-treated powders,
obtained by the Fourier transform infrared (FTIR) spectrom-
eter (BRUKER RFS27) in potassium bromide (KBr) medium
were recorded in the range 4000-50 cm ™! are explained.

2.3 Sintering and microstructure

The samples were sintered for 3 h in air at different temper-
atures ranging from 1000 to 1350°C. The heating rate was
chosen as 10°C min~! up to the sintering temperatures for all
samples. Natural cooling (5°C min~') was maintained after
the soaking period. The density of the sintered samples was
determined by applying the Archimedes principle and poros-
ity analysis was carried out by using computer integrated
image analyser. The sintered samples were then polished by
using different grades of polishing sheets (1/0—4/0). The mir-
ror polished specimens were thermally etched at 1200°C for
30 min. Finally, the polished powders were subjected to study
the morphological features by means of the scanning electron
microscope (SEM HITACHI-S3400N) micrographs.

2.4 Thermo-mechanical properties

Hardness measurement was carried out on thermally etched
samples by the Vickers indentation technique (Model
ZWICK 3212) for a standard load of 98 N'? in the microhard-
ness tester. The fracture toughness (Kjc) was evaluated by
using the indentation fracture method. The Kjc of the cera-
mics was estimated for a load (98 N), for 15 s as the holding
time experimentally, using the following formula!” with a
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Figure 1. TG/DTA curve for pure cordierite sample dried at
100°C.

Vickers indenter:
Kic = (0.0319 x P) Jal'/?

where P is the indentation force (N), ¢ the crack length
(m) and a the half-length of the diagonal (m), / = c—a, as
described in figure 1.

The flexural strength was measured by using 5 samples in
each composition prepared with a span length of a 25 mm
long. The measurements were performed using the three-
point bending technique, using a universal testing machine
(Model Unitek—94100, Fuel instrument and Engineers). The
cross head speed in loading was 0.5 mm min~'. The thermo-
mechanical analysis was carried out by using a dilatometer
(Model Dil/1400C, VB Ceramics). The coefficient of ther-
mal expansion was measured at a heating rate of 10°C min~"
from 70 to 800°C.

3. Results and discussion

3.1 Characterization studies for cordierite and cordierite—
zirconia ceramic samples

The characterization results for the samples of cordierite
and cordierite—zirconia (5-20 wt%) ceramic composite, at
different sintering temperatures are shown in table 1. The
results exhibited the importance of sintering temperature in
the synthesis of cordierite and cordierite—zirconia samples.
Further, the results revealed the phase transformations at dif-
ferent temperatures. It also confirmed the presence of pure
cordierite as a primary phase and zircon as a secondary phase
in the cordierite-zirconia samples.

3.1a Thermal evaluation (TGA/DTA): The cordierite
powder sample was subjected to TG/DTA analysis and the
curve obtained is shown in figure 1. Two endothermic peaks
were observed in two regions in the pure cordierite sample
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Table 1. Phase evolution of samples at various sintering temperatures.

Phase composition

Sample 600°C 800°C 1000°C 1200°C 1350°C
Cordierite A MAS u-C u-C a-C
S «-C
C S
C

Cordierite—zirconia A MAS u-C u-C «-C

(5 wt%) S «-C Z
C S
t-Zir C
t-Z

Cordierite—zirconia A MAS u-C u-C «-C

(10 wt%) S o-C 4
C S
t-Zir C
t-Z

Cordierite—zirconia A MAS u-C u-C «-C

(15 wt%) S o-C z
C S
t-Zir C
t-Z

Cordierite—zirconia A MAS u-C u-C «-C

(20 wt%) S «-C 4
C S
t-Zir C
t-Z

A—amorphous; MAS—magnesium aluminium silicate; p-C—
cordierite (metastable); S—spinel; C—cristobalite; Z—rzircon;
t-Zir—tetragonal zirconia; x-C—cordierite (stable).

(PCZr0). The first weight loss was observed in the temper-
ature range between 150 and 250°C, it indicated the release
of physically absorbed water and the second weight loss
at 500°C was due to the dehydration of alumina.'”> The
exothermic peak between 800 and 850°C indicated the ini-
tiation of solid-state reaction that leads to phase transforma-
tion. The second exothermic peak between 897 and 964°C
and the third peak at 1332°C'3:! confirmed the formation
of an intermediate phase (u-cordierite) and final phase (o-
cordierite), respectively.

TG/DTA analysis revealed that the cordierite—zirconia
(PCZr5-PCZr20) samples were decomposed in the tempera-
ture range of 500-900°C. The TG/DTA curve for cordierite—
zirconia (PCZr20) shown in figure 2 exhibited an exothermic
peak between 750 and 800°C, which confirmed the pre-
sence of the solid-state reaction. The second exothermic peak
around 950-1100°C may be due to the crystallization of the
amorphous phase to intermediate phase (u-cordierite)!? and
the final transformation phase (x-cordierite).'® The results
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Figure 2. TG/DTA curve for cordierite-zirconia (PCZr20) sam-
ple dried at 100°C.

show the formation of cordierite at temperature lesser than
the crystallization temperature.

The above results were in agreement with the results of
previous research work,?” that reported the crystalline phase
of cordierite phase transformation. The precursor powders
were heat treated up to 1200°C for different series of DTA
curves. The crystallization began between 929 and 1100°C;
the first peak at 929 to 934°C is due to the formation of the
metastable phase of stuffed 3-quartz, and the second peak is
due to a trace amount of spinel. The third exothermic peak
is due to the phase transformation of stuffed «-quartz to
p-cordierite.

3.1b  FTIR characterization: Figure 3 shows the FTIR
spectrum for pure cordierite powder (PCZr0). At 100°C, the
absorption band of SiOH and/or AIOH group at 813 cm™!
diminished with the increase in temperature. It indicated that
the condensation rate proceeds with heating. The absorption
intensity of the AlO4 band was found to be increasing with
temperature. It is also observed that the Si—~O-Al band at
1086 cm~! also shifts to a lower wave number. From the
experimental results, it is apparent that AlOg transformed
into AlO,4 during precursor heating.?! The aluminium ions
get incorporated into SiO4 tetrahedral unit to form a Si—~O-Al
network structure.?!

FTIR spectra of the cordierite powder at 1200°C show
peaks at 1079, 956 and 486 cm~!, which is typical for the
adsorption bands of silica bonds and p-cordierite.”” The band
near 1100 cm~' is due to stretched bond motion of Si atom
against its tetrahedral oxygen cage, while the band near 486
cm™! correspond to a symmetric motion of bridged oxygen
in the plane bisecting the Si—-O-Si bond.?

The presence of non-bridged oxygen in the vibration mode
in alumino-silicate at Mg content is observed in band at
945 cm~!.2* The absorption band at 740 cm~! corresponds
to the stretched vibration modes of Al-O and Mg—O bonds.?
The spectra of the powder heat treated at 1200°C correspond
to a mixture of solid solution and spinel phase. The existence
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Figure 3. FTIR spectrum of pure cordierite sample at different
sintering temperatures.

of spinel is evident due to the presence of bands at 650 and
550 cm~!.26 The absorption bands at 1080 and 776 cm™!
were due to the presence of hexagonal (3-quartz and p-
cordierite at higher sintering temperature.?’

Figure 4 shows FTIR spectrum of the cordierite-zirconia
(PCZr20) sample at different sintering temperatures. The
presence of Si—O-Si in asymmetric stretched mode due to
vibrations observed in bands at 900, 1010 and 1100 cm™!
for the sample calcined at 100°C. Symmetric stretching of
AlOy tetrahedra occurred at band 1300 cm™!. Tt should be
the band at around 740 cm™! at 100°C was due to the sym-
metric stretching mode of the Si—~O-Si bond in the sample.
The band at 700 and 760 cm™~! shows the vibration mode
of Al-O or Mg—0, also the band at 1090 cm™' corresponds
to AlO, tetrahedra. The band between 1090 and 1270 cm™!
confirms the presence of SiO4 at 800°C. The presence of
p-cordierite and «-cordierite is confirmed at bands 1300,
1100, 870 and 580 cm~! at 1200°C. The presence of ZrO; is
confirmed at 530 cm™!.28 The results of FTIR samples were
consistent with X-ray diffraction results. The studied adsorp-
tion bands reveal the results of the IR spectrum of cordierite
samples at different temperatures. At lower temperatures,
these bands were similar to the spectrum of cordierite glass.
The sample heated at 1000 and 1100°C shows the vibration
of M-O bonds (M=A1, Mg) indicating Si—~O-M bonding.
On further heating at 1200°C, the band at 780 cm~! cor-
responding to the ring structure of the SiO4 tetrahedron

appears.’*

3.1c  Phase evolution (XRD): Figure 5 shows XRD pat-
terns for the pure cordierite (PCZr0O) sample at different
sintering temperatures. The results reveal that the sinter-
ing temperature as an important parameter in the synthe-
sis. The XRD results for pure cordierite sample indicated
the presence of a metastable p-cordierite at low sintering
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Figure 4. FTIR spectrum of cordierite—zirconia (PCZr20) sam-
ples at different sintering temperatures.

temperatures and a stable high-temperature o-cordierite as a
major constituent phase in all the samples. The p-cordierite
is present as a glassy phase in the metastable state. It is
observed in the temperature range between 800 and 1200°C.
The complete transformation of «-cordierite phase was
observed at 1350°C."

The XRD results of cordierite—zirconia (PCZr20) are
shown in figure 6. The results were found to be identical with
pure cordierite, that is formation of «-cordierite phase. In
addition to the «-cordierite phase, ZrSiO4 formation is due
to the reaction of ZrO, with SiO, at 1350°C. The presence
of a-cordierite and zircon at sintering temperature of 1350°C
for 3 h has a significant effect. The purpose of the addition
of zirconia to form a secondary phase is the basis for this
research to study the improvement in mechanical properties.

The XRD interpretation for cordierite ceramics prepared
from mixtures of clay minerals studied at 1300°C. This illus-
trated the presence of the main phase cordierite and the
secondary crystalline phases.?’ The cordierite samples sin-
tered at 1300 and 1350°C for 1 h indicated®® the presence
of cordierite. Significant amounts of cristobalite, spinel and
traces of corundum were also reported. The sintering at
1400°C for 1 h exhibited the complete disappearance of
cristobalite, spinel and corundum. For the increased sintering
time of 3 and 5 h, similar results were observed for the
samples sintered at 1350°C.

3.2 Thermo-mechanical, physical property studies for
cordierite and cordierite—zirconia ceramic samples

The results of thermal and mechanical properties of the
cordierite and cordierite—zirconia composites sintered at var-
ious sintering temperatures up to 1350°C are discussed in the
following sections.
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Figure 5. XRD patterns for pure cordierite (PCZr0).
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Figure 6. XRD patterns for cordierite—zirconia (PCZr20).

3.2a Bulk density and porosity: The bulk density of the
cordierite compacts prepared by the precipitation and con-
ventional route densified rapidly between 1000 and 1100°C
(figure 7). Since, the crystallization of spinel occurs because
of the intimately mixed AI** and Mg”* ions, densification
has occurred by the formation of some viscous liquid within
a very short temperature range. The curve indicates that the
densification of cordierite powder stops at the onset of
the crystallization of p-cordierite. The crystallization of
cordierite takes place when the compacts are fired for
longer duration of time. It should be noted that in order
to obtain denser products, sintering of the compacts must
precede crystallization as the reverse would greatly decrease
the mobility of the ions and impede sinterability. In this case,
crystallization of cordierite takes place after the compacts
have sintered completely.

The cordierite exhibited abrupt densification in this tem-
perature range.’':3> However, by increasing the sintering
temperature further, densification stopped. The amorphous
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silica component crystallizes to «-quartz. At sintering tem-
peratures above 1100°C resulted in decrease in densification
up to 1350°C. This shows the complete transformation of
«-cordierite. For the samples prepared by precipitation and
conventional method at consolidation temperature reported a
similar result. The cordierite pellets sintered above 1300° C,
reported increase in vapour pressure of the water. It expands
the cavities and pores within the compacts. This makes it
difficult to locate the temperature range. The densification
was achieved without a detectable crystallization. The mod-
erate densities were developed in samples.’3:3* The results
of porosity analysis (figures 7 and 8) for pure cordierite by
the precipitation technique has confirmed, that the porosity
decrease was evident up to 1100°C and on further heating
porosity was found to increase. The results confirm that bulk
density of samples decreased slightly (figure 7). The result of
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Figure 7. Bulk density and porosity of pure cordierite at different
sintering temperatures.
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porosity analysis is also in agreement with the densification
results of the sample PCZr0.

Figure 9 shows that for a given zirconia content (PCZr05—
PCZr20) the density increased with sintering tempera-
ture. Further, at a given sintering temperature, the density
increased with zirconia content in the cordierite—zirconia
composite. The results exhibit that the densification tem-
perature reduces by the addition of zirconia. The bulk den-
sity of the composites slightly increased with the increase
in zirconia content in all series of composite samples.
The ceramic containing 20 wt% of zirconia (PCZr20) shows
the maximum bulk density.

The cordierite samples in the presence of ZrO, reported
the enhanced densification.?**® The sample PCZr20 in this
research showed that the bulk density increased with the
increase in temperature. Further with the increased amount
of zirconia content. During the sintering of the cordierite—
zirconia composites, two processes occur, namely densifica-
tion and the formation of spinel and zircon phases. Following
is the reaction at the sintering temperature for cordierite—
zirconia composites containing 15 and 20 wt% of zirconia,
forming zircon and spinel between cordierite and zirconia:

Mg, Al4SisOyg + 5ZrO; — 5ZrSiO4 + 2MgAlL, O5.

It is observed from the X-ray diffraction patterns (figure
6) of all present samples, that the intensity of the zircon
phase is slightly higher by the increased amount of ZrO, with
an increase in the sintering temperature. It is obvious that
the discrepancies in the densities of all series of cordierite—
zirconia ceramic, are due to the formation of zircon with
the presence of t-ZrO, in the matrix. The above results
have been verified from the studies of porosity analysis for
zirconia—doped cordierite (PCZr20) samples by the precipi-
tation technique shown in figure 10. The porosity decreased
with increase in the sintering temperature, and shows that the
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Figure 8. Porosity analysis of pure cordierite at 1350°C.
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good densification results are obtained. The sample PCZr20
reported the lowest porosity, which showed good densifica-
tion. This shows that porosity is in the opposite trend to the
bulk density. The porosities of the PCZr20 sample sintered at
1350°C are very less.

3.2b Microstructural studies: Figure 1la shows the
photomicrograph of cordierite specimen, which displays the

©

SEM photographs of ceramic samples sintered at 1350°C: (a) PCZ:0, (b) PCZr20 and

surface morphology of a sintered cordierite compact with an
appreciable amount of porosity. This is in agreement with the
measured density. In addition, the micrograph reveals the dif-
ferent sizes of the grains, that densification begins by liquid
phase sintering or a viscous flow mechanism prior to crys-
tallization. It is interesting to note that the initial cordierite
grain does not change its size and the corners remain sharp,
indicating that little dissolution and precipitation take place
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during densification. The densification of cordierite ceram-
ics in this study is concluded to be achieved in the first stage
of liquid-phase sintering, i.e., melt redistribution and particle
rearrangement. It is also interesting to note that the round-
shaped cristobalite particles observed in the sample PCZrO.
They began to disappear with increasing cordierite forma-
tion. This inhibition occurs as a result of the formation of a
reaction layer around each alumina particle in the cordierite.

Figure 11b and c reveals the photomicrograph of
cordierite—zirconia composites (PCZr05 and PCZr20) con-
taining 5 and 20 wt% of zirconia sintered at 1350°C. The
microstructure of the composite samples shows a uniform
spatial distribution of the dispersed zirconia particles in
the cordierite matrix, which demonstrates the advantages of
the precipitation processing route, characterized by various-
sized grain morphology with the presence of micro-pores and
grain boundaries. The existing pores at the grain boundaries
in early and intermediate stages are pulled together to form
a large pore in the final stage of sintering. The XRD pat-
tern shows the presence of both zircon and t-zirconia phases,
but in the SEM, no clear distinction between the zircon and
zirconia particles is observed.

3.2c Hardness determination: Figure 12 shows the Vick-
ers hardness values of pure cordierite samples (PCZr0) for
an applied load of 98 N as a function of the sintering tem-
perature. The hardness of pure cordierite (PCZr0) showed
an increase in hardness up to 1100°C due to the formation
of p-cordierite at this temperature. The hardness was found
to decrease with sintering temperature above 1100°C. This
could be due to the formation of «-cordierite and spinel
phases. The Vickers hardness of cordierite sample sintered at
1350°C was found to be 6.91 GPa.’’

The zirconia-doped cordierite samples sintered at 1350°C
showed that the hardness increased with the increase in the
sintering temperature and also with increase in the zirconia
content (CZr05—-CZr20) as shown in figure 12. The tough-
ening of oxide by dispersion in ceramics by a secondary
phase is a well-established process, and has been success-
fully employed to improve the mechanical properties. Hence,
zirconia added with cordierite, forms zircon as a secondary
phase. This shows that the hardness value of cordierite—
zirconia (20 wt%) is found to be 7.68 GPa, which showed
an increase from 7.06 to 7.68 GPa. This is an expected
result in the ceramics as the crystalline phases are usually
harder. However, the research on cordierite and cordierite—
zirconia synthesized by the precipitation technique tried with
the addition of a different binder (carboxymethyl cellulose)
also exhibited better results.®

3.2d Fracture toughness estimation: Figure 13 shows the
fracture toughness of pure cordierite (PCZr0) sample heat
treated at different temperature. The fracture toughness of
pure cordierite material is high (Kic = 2.94 MPa m!/?)
at 1100 and above 1100°C. There is a decrease in frac-
ture toughness value of 2.73 MPa m!/2. This may be due
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Figure 12. Vickers hardness of pure cordierite and cordierite—
zirconia sintered at different temperatures.
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Figure 13. Fracture toughness of pure cordierite and cordierite—
zirconia sintered at different temperatures.

to the formation of x-cordierite above 1000°C. Higher grain
growth results in lowering of the fracture toughness above
the sintering temperature at 1200°C.

The fracture toughness of the cordierite is enhanced with
the addition of ZrO, (5-20 wt%). Generally, toughening
of ceramics with the addition of ZrO, can be achieved
through martensitic transformation from tetragonal to mono-
clinic phase with t-ZrO,. There were no ZrO, and cordierite
to form ZrSiO4 phase, as confirmed by the XRD analysis
(figure 6). The fracture toughness of the cordierite—zirconia
composites is shown in figure 13.

The fracture toughness of the cordierite—zirconia ceramic
is higher at 1350°C. This may be due to the decrease in
the t-ZrO, phases. The toughening was partly attributed to
the residual compressive stresses imposed on the cordierite
due to thermal expansion mismatch between cordierite and
ZrSi0,4 particles, especially at higher amount of stabilized
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Figure 14. Flexural strength of pure cordierite and cordierite—
zirconia sintered at different temperatures.

zirconia. This shows that the fracture toughness value of
ceramic for the addition of 20 wt% of ZrO, was 3.94 MPa m!/2.
This research shows better than the fracture tough-
ness by the indentation method, for the sintered bodies
containing the various amounts of zirconia. The fracture
toughness increased from 2.1 MPa m'!/? for pure cordierite
to 3.2 MPa m'/? at a content of 35 wt% of ZrO,, which sug-
gested that both the fracture strength and toughness depend
on the amount and the phase type of zirconia.'?

3.2e Testing for flexural strength: The data on the flex-
ural strength of pure cordierite and cordierite—zirconia are
shown in figure 14. The flexural strength of pure cordierite
(PCZr0) ceramic samples were obtained for samples heat
treated at various sintering temperature. The results reveal
that the flexural strength of pure cordierite increases from
52.13 to 126.46 MPa with the increase in sintering tempera-
ture, which may be due to the x-cordierite formation at this
temperature. 12

The flexural strength of cordierite-zirconia ceramic
(PCZr05-PCZr20) increased from 219.54 to 297.62 MPa
with the addition of 5-20 wt% of zirconia; this is shown in
figure 14. It can be seen that the flexural strength increased
gradually with the increase in zirconia content. Several
toughening mechanisms may occur simultaneously in zir-
conia toughened composites. The stress-induced transfor-
mation from the tetragonal phase to the monoclinic phase
is known as the most effective toughening mechanism for
zirconia reinforced matrix ceramic composites. However,
even if the martensitic transformation toughening mech-
anism will not prevail, other toughening mechanisms like
microcrackingand crack deflection are expected to be active.
The cordierite—zirconia presented an increase in strength up
to 1350°C. The observed results were found to be better
than the previous research!> who studied the mechanical
behaviour of cordierite—zirconia composites by co-precipitation
process. The reported results show that the addition of ZrO,
to pure cordierite, increased the fracture strength from 110

687

to 260 MPa. The flexural strength were closely related to the
microstructure and dependent on the amount and the phase
type of zirconia (tetragonal or monoclinic).

3.2f  Thermal expansion coefficient evaluation: The results
for the cordierite (PCZr0) samples show that the thermal
expansion coefficient is 2.48x107® °C~! at 70°C increases
slightly to 4.08x1076°C~! at 800°C. The reason for this
increase is due to the presence of cristobalite possibly formed
by the crystallisation of amorphous silica. Coefficient of ther-
mal expansion (CTE) of CZr0 measured showed that there is
a little difference between the measured and reported.*®

The thermal expansion coefficient increased from
0.52 x107% to 4.42 x107°°C~! for the cordierite—zirconia
sample (PCZr20) in the same temperature range. The addi-
tion of zirconia into the cordierite matrix increased the CTE
monotonously. The slight increase of CTE for PCZr20 is
due to the dispersion of ZrO; in the cordierite matrix. As
it is believed that the thermal expansion may be affected
by the porosity content. The cordierite crystals with high
porosity can cause expansion and contraction easily. This
statement could explain why the thermal expansion of denser
cordierite bodies are slightly higher than those with higher
residual porosity. The CTE obtained for the composite was
based on the sum of the coefficient of ZrSiO4 in the matrix
and that of the cordierite matrix.!> The CTE of ZrSiO, is
4.1 x 1076°C~!. Particles of larger CTE in a matrix of lower
CTE cause thermal strain (tension), which results in the
genesis of micro-cracks in the matrix around the particles.
The results indicate that micro-cracks between the cordierite
matrix and ZrSiOy4 particles were generated during the first
cooling, resulting in a decrease of thermal expansion.

4. Conclusion

From the results of the above study, conclusions drawn are
as follows:

1. Pure cordierite and cordierite—zirconia (5-20 wt%) under
controlled composition was successfully synthesized.

2. Densified cordierite—ZrO, was prepared by dispersing
20 wt% of zirconia at sintering temperature 1300°C
and the addition of zirconia decreased the optimum
sintering temperature at 1400°C.

3. The fracture toughness of 3.94 MPa m'/? with a hard-
ness of 7.68 GPa combined with a flexural strength
of 297.62 MPa was observed in the cordierite—zirconia
sample (PCZr20) that exhibited the highest value.

4. Addition of zirconia showed a better thermal expan-
sion coefficient, a value which is considered to have a
negligible effect on cordierite sample.
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