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A B S T R A C T

Porous cordierite-based ceramics with different microstructural features and mechanical behavior were formed
by starch consolidation casting (SCC) using native potato and corn starches and sintered at 1275, 1300 and
1330 °C. The composition and microstructure of the ceramic materials were investigated via quantitative phase
analysis using X-ray diffraction (with Rietveld refinement), the Archimedes method, mercury porosimetry,
scanning electron microscopy and optical microscopy with stereology-based image analysis. The mechanical
behavior of samples was evaluated by diametral compression tests at room temperature, 1000 and 1100 °C. The
type of starch used and the sintering temperatures were the main factors determining the characteristics of the
developed porous microstructures. Materials prepared with corn starch achieved the lowest porosity and the
lowest values of mean chord length, mean pore distance and pore throat size. Because of these features, these
materials thus presented, in general, higher values of apparent Young's modulus, elastic limit and mechanical
strength than those prepared with potato starch. Despite the presence of a silicate glassy phase, both porous
materials, mainly those prepared with corn starch, still enhanced the basic mechanical properties at high
temperature, in particular, the mechanical strength and the apparent Young's modulus due to the special
combination of the porous microstructure features.

1. Introduction

Cordierite ceramics (Mg2Al4Si5O18) are well known for their low
thermal expansion coefficient, which provides them with a high
thermal shock resistance suitable for applications involving tempera-
ture cycling. Therefore, in combination with satisfactory mechanical
properties, chemical stability and corrosion resistance, low thermal
conductivity, a low dielectric constant and low dielectric loss factor, the
range of applications for cordierite-based ceramics is very wide, ran-
ging from kiln furniture [1] and thermally and electrically insulating
ceramics [2,3] to diesel particulate filters [4] and other filters [5], as
well as membrane supports [6], catalyst supports [7] and electronic
substrates [8], to name only the most important. Although the prop-
erties of cordierite-based ceramics have been investigated for quite
some time [9–11], a look into the current literature shows that their
processing and properties are still among the hot topics of ceramic re-
search and development [12–14].

Nowadays, porous cordierite-based ceramics and ceramic foams in
which the thermal insulation behavior, specific surface and

permeability can be tailored by controlling the porosity, pore surface
area and pore size (and shape), are of particular interest [15–21]. In this
field, one of the early applications of starch consolidation casting (SCC)
concerned cordierite ceramics [15,17,18].

Currently, the problem is that cordierite-based ceramics, especially
those types that are prepared by cheap natural raw materials (mainly
kaolin and talc), are complex multiphase materials that may contain,
apart from cordierite as the main phase, several other crystalline phases
(mullite, alumina, cristobalite, magnesia-alumina spinel [13,14,22,23],
enstatite [14,24] and sapphirine [24]) and usually a siliceous glassy
phase [23]. When natural raw materials are used, it is clear that even
for nominally similar compositions the resulting materials can be dif-
ferent and exhibit different properties. This has significant implications
for industrial production, because the raw materials that are available
in a certain region of the world may differ from those available else-
where.

Previous work by the authors concerned porous cordierite-based
ceramics prepared by SCC from Argentinian kaolin and Chinese talc,
and using potato and cassava (tapioca) starches as a pore former and
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stiffener [17,18]. While talc is a strategic raw material for which world
production is largely concentrated in certain countries (mainly China,
Australia and USA) [25] and distributed by a few world-wide compa-
nies, kaolin is usually from more local deposits that differ from region
to region. In Central Europe, for example, Czech kaolin is one of the
most widely used. On the other hand, cassava (tapioca) starch is not
commonly produced in many industrialized regions of the world, such
as in Europe. Therefore, the present work investigates the porous mi-
crostructures developed in cordierite-based ceramics prepared from
Czech kaolin, Australian talc and potato and corn starches. Moreover,
the high temperature mechanical behavior of cordierite-based cera-
mics, an aspect that has been scarcely studied in spite of its importance
for successful applications of these materials, was also investigated.
Finally, the obtained results were discussed from the viewpoint of phase
evolution, microstructure and high-temperature mechanical properties.

2. Experimental procedure

2.1. Processing and characterization of porous green bodies

A cordierite precursor mixture (denoted PM) composed of kaolin
37 wt% (Sedlec Ia, Sedlecký kaolin a.s., Božičany, Czech Republic), talc
41 wt% (EC 75, Luzenac Group, Three Springs, Australia) and alumina
22 wt% (CT3000 SG, Almatis GmbH, Ludwigshafen, Germany) was
used as raw ceramic material for obtaining cordierite-based bodies
[26]. Commercially available potato starch (Solamyl, Natura a.s.,
Havlíčkův Brod, Czech Republic) and corn starch (Gustin, Dr. Oetker,
Kladno, Czech Republic) were used as stiffening agents (binders) and
pore formers. The complete characterization of both the ceramic and
starch powders was reported in a previous work by the authors [26].
The main features of the raw materials used are shown in Table 1.

Green disks 18.6±0.9 mm in diameter and 3.7±0.7 mm in height
were formed by SCC. Aqueous ceramic-starch (PM-potato or PM-corn)
suspensions with a total solid content of 60 wt% were prepared by
mixing (impeller mixer) ceramic powders in distilled water with 1 wt%
Dolapix CE-64 (Zschimmer & Schwarz, Lahnstein, Germany) and 0.5 wt
% sodium napthalenesulfonate (Nutrimer Argentina S.A., Buenos Aires,
Argentina), both amounts with respect to the ceramic solid content,
homogenizing in a ball mill for 4 h, degassing for 20 min, and finally
homogenizing the inorganic solids with starch and extra water for
1–2 min in order to obtain the desired total solid loading. The experi-
mental conditions used for preparing these systems were previously
established and reported [26]. The volume fraction of starch related to
the suspension volume (15 vol%) was calculated by considering the
pycnometric density value (2.40± 0.05 g/cm3) determined by He-
pycnometry for the precursor mixture with starch. This amount was
selected taking into account previously obtained results [27] and data
reported in the literature in order to obtain ceramic materials with
porosities higher than 35% by starch consolidation casting [28].

The prepared suspensions were poured into cylindrical stainless
steel molds which were covered with Teflon, and subsequently heated
in an electric stove with forced circulation of air (UFP 400, Memmert,
Schwabach, Germany) at 80 °C for 4 h and dried at 40 °C for 12 h. The
experimental conditions (temperature and dwell time) used for the
consolidation of suspensions were established on the basis of results
previously reported by the authors [17] and other published data [15].
Once the consolidation was completed, the samples were taken out of
their molds.

A previous study [26] indicated that the total green porosity of the
both materials was very similar (38±6% for PM-potato and 36±5%
for PM-corn) and only a small amount of cavities with starch-granule-
specific morphology and interconnected channels (windows) in the
cavity walls were developed. These particular features, which were not
usually reported in previous work [29,30], could be attributed to the
combined effect of certain specific characteristics of the gelatinization
process and the presence of phyllosilicate raw materials with oblate
particles (kaolin and talc) in the studied systems [26].

2.2. Microstructural evolution as a function of temperature

Thermal treatments for the calcining and reaction-sintering of green
disks were performed in an electric furnace with SiC heating elements
(RHF 16/3, Carbolite, Hope Valley, UK). Three sintering temperatures
(Ts) were applied, viz., 1275, 1300 and 1330 °C, while keeping the
thermal cycle constant as follows: heating rate 1 °C/min up to 650 °C;
2 h dwell at 650 °C; heating rate 3 °C/min up to Ts, 4 h dwell at Ts;
cooling rate 5 °C/min down to room temperature. The burnout tem-
perature (650 °C) was selected based on previous results from ther-
mogravimetric analyses (TGA-50, Shimadzu, Kyoto, Japan; at 10 °C/
min up to 700 °C, in air) of the native starches. During the first stage of
the thermal treatment (≤ 650 °C), complete removal of the starch and
organic additives is achieved (burnout), together with the dehydrox-
ylation of kaolinite, while dehydroxylation of talc and the reaction of
the ceramic precursors occur, concomitantly with sintering, during the
second stage (reaction-sintering).

The crystalline phase evolution as a function of Ts was studied by
qualitative and semi-quantitative phase analysis via X-ray diffraction
(X'Pert PRO, PANalytical, Almelo, The Netherlands, with Cu Kα radia-
tion at 40 kV and 40 mA, and 0.01 steps per second) of powder samples
of sintered disks. In particular, semi-quantitative analysis was per-
formed using Rietveld refinement, which was carried out employing a
commercial multipurpose profile-fitting software (FullProf) [31]. The
general methodology employed to obtain the phase contents from the
Rietveld optimized scale factors normalizes the results to 100% of
crystalline phases (i.e. the presence of an amorphous phase is not taken
into account). Nevertheless, bearing in mind that a siliceous liquid
phase is generated during the thermal treatments of the cordierite
precursor mixture used in this work, and therefore, a silicate glassy

Table 1
Characterization of raw materials.

Raw materials Chemical analysis Mineralogical analysis D50 (μm)

Kaolin Al2O3/SiO2 = 0.8 Kaolinitea (Al2Si2O5(OH)4) 3.2
Fe2O3, CaO, MgO, Na2O<1.9 wt% Quartzb (SiO2)
K2O ~ 0.9 wt% Halloysiteb (Al2Si2O5(OH)4)

Talc SiO2/MgO = 1.9 9.0
Fe2O3 ∼ 0.9 wt% Talca (Mg3Si4O10(OH)2)
CaO ∼ 0.4 wt% Traces of hematite (Fe2O3)

Alumina Al2O3 = 99.85 wt% Corundum (Al2O3) 0.8
Alkaline, alk. earth impurities< 0.2 wt%
Silica, iron oxides ∼ 0.05 wt%

Potato starch Polysaccharide (C6H10O5)n, trace elements K, P, Ca< 0.2 wt%, in total 45
Corn starch Polysaccharide (C6H10O5)n, trace elements K, P, Na, Cl< 0.2 wt% in total 15

a Majority phase.
b secondary phase.
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phase is present in the sintered materials along with several crystalline
phases, Ohlberg's method [32] was used for determining the content of
the glass phase present in the final materials. In this case, the amor-
phous phase percentage is determined by interpolating the signal at
22.5°2θ of the diffractogram corresponding to the sample being studied
with those obtained for an amorphous silica phase and a fully crystal-
line phase (silica or silicon). In this work, the diffractograms obtained
for a sample of amorphous silica and for a commercial silicon powder
(Sigma-Aldrich, Milwaukee, WI) were used in order to quantify the
glass phase developed in the final materials by using the previously
mentioned method.

Bulk densities (ρ) and open porosities (%Popen) of disks sintered at
different Ts were determined by the Archimedes method in water. The
total porosity (%Ptotal) of the sintered materials was calculated from
100·(1–ρ/ρ0), where ρ0 is the true density of the material. This value
after sintering at 1275 °C (ρ0 = 2.87 g/cm3), 1300 °C (ρ0 = 2.81 g/
cm3) and 1330 °C (ρ0 = 2.68 g/cm3) was calculated from each phase
composition obtained by XRD via Rietveld refinement (including the
glass phase estimate) and the corresponding theoretical densities
[24,33]. The closed porosity (%Pclosed) was calculated from the differ-
ence between %Ptotal and %Popen.

First, the analysis of the microstructures developed as a function of
temperature was performed by SEM (JSM-6460, JEOL, Tokyo, Japan)
on the fracture surface of disks. Based on this analysis, the degree of
sintering, homogeneity, grain size, grain morphology and presence of
cell windows were evaluated.

In addition, global metric descriptors obtained via stereological
relations (stereology being defined as the method to derive a quanti-
tative description of 3D geometry from the quantitative analysis of 2D
images) were determined by analyzing images captured by optical
microscopy (PMG-3, Olympus, Tokyo, Japan) on planar surfaces in
order to complete the microstructural analysis. Surfaces were me-
chanized by grinding with 600-grit SiC paper using water as a lubricant,
and then polishing them with 3 µm and 1 µm diamond pastes on nylon
cloth lubricated with a commercial solvent. Details concerning these
calculations can be found in a recent paper [34]. The analysis of the
corresponding images was carried out using image analysis software
(Lucia G, Laboratory Imaging, Prague, Czech Republic). However, in-
stead of processing and binarizing the images and applying automatic
image analysis, which is often prone to introducing considerable bias, a
manual procedure with software-based data acquisition was adopted:
square grids were superimposed directly on the images of the planar
sections to be analyzed and all quantities were determined by counting,
not by measuring techniques. Depending on the pore size and image
magnification, the square lattices used were 16 × 11 and 12 × 8,
corresponding to 17 × 12 and 13 × 9 probe lines, respectively. The
corresponding numbers of grid points were 204 and 117, respectively.
Surface densities, mean chord lengths and mean distances were de-
termined by counting the intersection points of lines with pore section
outlines (161–317 intersection points), and mean curvature integral
densities were determined by counting convex and concave tangent
points (325–664 tangent points). Errors and 95% confidence intervals
were calculated according to the formulas given in the aforementioned
paper [34].

In addition, mercury porosimetry (AutoPore IV 9500,
Micromeritics, Aachen, Germany) was used to determine the pore
throat size distributions in the materials sintered at 1330 °C, 4 h.

2.3. Mechanical behavior

The mechanical behavior of the final materials sintered at 1330 °C
(selected temperature based on the results obtained from the phase
analysis and microstructural analysis) was assessed by diametral com-
pression at room temperature, 1000 and 1100 °C, on a number of disks
considered sufficient for statistical purposes. An INSTRON model 8501
servohydraulic machine (Instron Ltd, High Wycombe, Bucks, UK) with

high stiffness was used for all tests. The tests at room temperature were
carried out using steel plates (HRc 65), with a controlled displacement
rate (of the actuator) of 0.2 mm/min. MoS2 lubricant paste was used in
order to reduce the effect of friction between the specimen and the
platens.

In addition, the high temperature tests were performed using alu-
mina/mullite rods with a diameter of 60 mm, with a controlled dis-
placement rate (of the actuator) of 0.7 mm/min. Moreover, an electric
furnace (heating elements of MoSi2; Severn Furnace Ltd, Bristol, UK)
was coupled to the machine, using a heating rate of 5 °C/min up to the
test temperature (1000–1100 °C).

The diameter (D) of the tested disks was four times larger than the
thickness (t) to ensure that only a plane stress state was tested in the
analysis (t/D ≤ 0.25) [35]. This assumption is implicit in the theore-
tical treatment of the diametral compression loading case (Eq. (1))
[35,36]. From experimental load vs. displacement curves, the apparent
stress (σ)–strain (ε) relationship was calculated using the following
equations:

=σ F
πDt
2

(1)

=ε d
D (2)

where F is the fracture load, D and t are the diameter and the thickness
of the disk, respectively, and d is the actuator displacement [35–39].

From the σ vs. ε curves, the following parameters were determined:
a) the mechanical strength (σF) using the maximum peak load, b) the
fracture strain (εF) considered to be the deformation corresponding to
the maximum stress, c) the apparent Young's modulus (Ea) as the slope
of the linear part of the curves, and d) the elastic limit (σY) defined as
the stress where the curve deviates from linearity [37]. Moreover, the
σY/σF ratio expressed as a percentage was calculated and considered as
the degree of deviation from the linear behavior caused by irreversible
strain mechanisms (e.g. global plasticity and/or localized plasticity, and
microcracking), i.e., the degree of plasticity. Indeed, the Ea parameter is
the product of the Poisson's ratio and the Young's modulus of the ma-
terial, and it is considered as an elastoplastic tangent modulus [26]. The
crack patterns of tested disks were also analyzed.

3. Results and discussion

3.1. Analysis of the phase thermal evolution

The XRD patterns of materials, obtained after firing at the different
temperatures (Ts) studied, are shown in Fig. 1. In this figure, only the
main peaks of the majority crystalline phases are indicated. The
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Fig. 1. XRD patterns of powdered samples treated at 1275, 1300 and 1330 °C, 4 h.
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crystalline phase contents determined by Rietveld refinement for sam-
ples treated at 1275, 1300 and 1330 °C, together with the estimated
silicate glassy phase contents, are shown in Table 2.

Based on the XRD pattern of the sample sintered at 1275 °C, cor-
dierite (2Al2O3.5SiO2.2MgO, JCPDS File 13-0294) and mullite
(3Al2O3.2SiO2, JCPDS File 79-1276) were determined as main crystal-
line phases (~ 27 and ~ 19 wt%, respectively), together with alumina
in the form of corundum (α-Al2O3, JCPDS File 74-0323) and proto-
enstatite (orthorhombic SiO2. MgO, JCPDS File 76-1806) as secondary
phases (~ 14 and ~ 13 wt%, respectively). In addition, diffraction
peaks of very low intensity corresponding to cristobalite (SiO2, JCPDS
File 04-0379), sapphirine (5Al2O3.2SiO2.4MgO, JCPDS File 76-0537)
and spinel (Al2O3.MgO, JCPDS File 77-1193) phases (the content of
these phases was<6 wt%), together with a band located between
20–30 °2θ, assigned to the non-crystalline silicate phase (~ 18 wt%),
were also identified. The origin of this last phase was associated with
the impurities present in the raw materials and the liquid phase formed
during the thermal treatment.

For the samples sintered at 1300 °C, diffraction peaks corresponding
to cordierite, proto-enstatite and mullite were determined, together
with diffraction peaks of low intensity of alumina, sapphirine, spinel
and cristobalite. The diffraction peaks of the first two phases were of
higher intensity than those present in samples treated at 1275 °C, while
the intensities of peaks assigned to mullite remained unchanged. The
amount of cordierite and proto-enstatite increased by ~ 8 and ~ 3 wt%,
respectively (compared to the sample treated at 1275 °C), while the
mullite content remained approximately the same (Table 2). The in-
tensity of the band located between 20° and 30° 2θ was similar to that
observed in the XRD pattern of the sample sintered at 1275 °C.

Finally, in the materials sintered at 1330 °C, cordierite diffraction
peaks were much more intense and narrow than those for the materials
treated at 1275 or 1300 °C, which can be associated with crystallite
growth or an increase in the degree of crystallinity for this phase, while
the diffraction peaks corresponding to mullite were of slightly lower
intensity than those corresponding to the remaining XRD patterns. In
addition, alumina and spinel were identified as secondary phases to-
gether with traces of proto-enstatite, while cristobalite and sapphirine
phases were not determined in this case. The intensities of the dif-
fraction peaks assigned to the proto-enstatite phase and the band cor-
responding to the glass phase were notably lower (~ 1 and ~ 15 wt%
were determined for the crystalline and glass phases, respectively) than
those registered in the diffractogram of the sample sintered at 1300 °C.
The quantification of phase contents indicated that the phases present
in the precursor mixture evolved by heating at 1330 °C to form a ma-
terial based on cordierite (~ 60 wt%) and mullite (~ 15 wt%), with
alumina (6.5 wt%) and spinel (3.5 wt%) as minor phases.

It is well known that one of the most important features of the
MgO.Al2O3. SiO2 ternary diagram is the existence of five eutectic points
around the cordierite field with temperatures between 1345 and
1460±5 °C. Because of this particularity, small variations in the che-
mical composition with regard to the stoichiometric cordierite

composition can lead to the crystallization of minor phases together
with cordierite as a main phase. Minor phases such as mullite, cor-
undum, spinel, enstatite, forsterite, sapphirine can coexist with cor-
dierite [40]. Moreover, it is known that in any process of cordierite
synthesis, the phase composition is difficult to predict because it de-
pends on the temperature, time and synthesis route. On the other hand,
the crystallization of cordierite occurs by two mechanisms: the diffusion
of Mg and Al cations into silicate liquid phases and the solid-state re-
action between the magnesium-, aluminium- and silicon-containing
phases. Both mechanisms require extremely restricted conditions that
hinder the synthesis of single-phase cordierite ceramics.

Based on the quantitative results obtained (Table 2), and con-
sidering data reported in the literature for similar systems [41], it ap-
pears that in the present work, the formation of the cordierite phase
occurs first due to a solid state reaction between mullite, proto-enstatite
and amorphous silica. Mullite is primarily formed at ~ 1000 °C from
the thermal decomposition of kaolinite (which begins with its dehy-
droxylation at temperatures around 600 °C) while proto-enstatite,
which is the stable polymorph of enstatite at high temperature, is de-
rived from the decomposition of talc. Amorphous silica is generated
from the thermal decomposition of both kaolinite and talc. In addition
to the primary mullite formed at temperatures around 1000 °C, mullite
(so-called secondary mullite) could also have been generated during the
thermal treatments at higher temperature, probably at 1300 °C, from a
reaction between alumina and amorphous silica, which could explain
the decrease in the amount of alumina and the constancy of the mullite
content when the temperature increases from 1275 to 1300 °C. Thus, on
the one hand, the mullite phase is consumed yielding cordierite, and on
the other hand, it is formed again by the reaction of alumina and silica
in the presence of a liquid phase. The presence of cristobalite can be
associated with the crystallization of the amorphous silica at suffi-
ciently high temperatures, while the spinel formation can be explained
by the reaction between alumina (which is in excess in the precursor
mixture) and proto-enstatite at temperatures between 1200 and
1250 °C [42].

Additionally, the formation of liquid phase in the system could have
occurred at a temperature below the eutectic point of the phase equi-
librium diagram (1355 °C) due to the presence of impurities derived
from the raw materials which may form low-melting phases. Therefore,
at the highest temperature, proto-enstatite grains could have been de-
composed and dissolved into the siliceous liquid, thereby continuing to
generate cordierite by a reaction between mullite and the liquid phase.
Although the alumina content determined in the samples treated at
1330 °C by the Rietveld method did not decrease compared to that
determined in samples heated at 1300 °C, the participation of residual
alumina in the formation of the cordierite phase cannot be ruled out.

On the other hand, local crystallization of sapphirine can occur at
temperatures lower than 1320 °C [40]. Its decomposition into spinel
and a liquid phase could explain the increase of the content of the
former phase that was recorded after thermal treatment at 1330 °C.
Even though the liquid phase content would be increased by this re-
action, the subsequent reaction of this liquid with mullite would explain
the decrease in the glass phase amount at 1330 °C.

3.2. Microstructural characterization of porous cordierite-based materials

The open (%Popen) and total (%Ptotal) porosity values of disks treated
at 1275, 1300 and 1330 °C for 4 h are shown in Table 3.

According to these results, the open and total porosities of disks
consolidated with corn starch were significantly lower than those of
disks prepared with potato starch (42–46% and 46–49% compared to
49–55% and 50–56%, respectively). For both starting systems, these
porosities decreased slightly when the Ts increased from 1275 °C up to
1330 °C. The decrease in open porosity with increasing Ts is not too
surprising. Moreover, the transient content of the liquid phase and even
its fluidity—and thus the degree of pore closure—are expected to

Table 2
Phase contents in samples treated at 1275, 1300 and 1330 °C, 4 h.

Phase Content (wt%)

1275 °C 1300 °C 1330 °C

Cordierite 26.9 34.6 59.2
Mullite 19.3 18.4 14.6
Alumina 13.7 5.1 6.5
Proto-enstatite 12.9 15.4 1.2
Cristobalite 5.4 2.1 –
Sapphirine 2.7 5.6 –
Spinel 1.0 0.8 3.5
Glass phase 18.1 18.0 15.0
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increase. Nevertheless, in the case of cordierite-based ceramics, this
finding is not trivial because, depending on the composition, it is well-
known that siliceous liquid phases of the system Al2O3. SiO2. MgO can
present a poor wetting (high contact angle), mainly on cordierite and
even more on mullite, and may thus lead to swelling instead of densi-
fication [43]. As for the closed porosity, the samples prepared with
potato starch exhibited lower values (∼ 1%) than those prepared with
corn starch (2–4%) for all sintering temperatures. The low amount of
closed pores is typical for materials prepared by the SCC method be-
cause in this process starch is not just a pore former (with starch
granules as transient spacers); in fact, the starch granules swell and
gelatinize into an amorphous mass (the starch gel), which intrudes into
the interparticle voids and thus generates mainly open porosity.

Based on these results and taking into account the porosity values
for green disks before the starch burnout (38± 6% and 36±5% for
disks formed with potato and corn starch, respectively) and the esti-
mated porosity values after considering all the starch was removed by
burnout (~ 62% and ~ 64%, respectively), the degree of densification
achieved for the samples consolidated with corn starch is much higher
than that attained for samples formed with potato starch (especially
those sintered at the lower temperatures, 1275 and 1300 °C).

The total porosity values obtained for the samples prepared with
corn starch were in the range of those reported for porous ceramic
materials processed by the starch consolidation casting (SCC) method
with a similar percentage of starch [30,44]. It is well known that the
porosities generated in materials shaped by SCC are higher than the
nominal starch content (39 vol%) due to the swelling experienced by
the starch granules during the thermal consolidation process. Moreover,
since the swelling capacity depends on the starch type, the porosity of
the disks is influenced by the type of starch. In general, potato starch
has a higher swelling capacity and swelling velocity than corn starch
[45,46]. However, it has to be considered that the swelling can be
counterbalanced by steric effects (excluded-volume effect) which limit
this process. In addition, as reported in our previous paper [47], the
features of the developed pre-firing microstructures are significantly
influenced by the advance of the gelatinization process; therefore, the
different behavior of the materials prepared with potato and corn
starches during the thermal treatments could be explained taking into

account this parameter. Thus, the occurrence of a more advanced ge-
latinization process in the majority of starch granules can lead to their
loss of integrity, particularly in the case of the potato starch, because
the consolidation temperature for the PM-potato system was higher
than its TG´max (temperature at which the storage modulus value in an
oscillatory rheological test is maximum). In addition, the diffusion of
amylose (i.e. the low-molecular weight fraction leached out from the
starch granules) into the matrix interstices (interparticle voids) implies
that the original starch granules are transformed into a continuous and
amorphous gel mass [48]. The combined effect of the above-mentioned
factors determined the development of a small amount of cavities,
particularly in the materials formed with potato starch. Moreover, the
presence of a high amount of amorphous gel mass in the matrix inter-
stices could lead to the development of a high amount of interstitial
porosity after burnout of the organic components, and in consequence,
to a lower degree of matrix densification after sintering.

Based on these results, it was concluded that the type of starch used
for forming the disks, and in a much lesser extent, the reaction-sintering
temperature (Ts), were the main factors determining the evolution of
porosity during the thermal treatments of the materials.

Typical SEM images of fracture surfaces of samples sintered at 1275,
1300 and 1330 °C for 4 h are shown in Figs. 2–4, respectively.

According to the SEM images, the microstructures developed after
thermal treatments carried out at the different temperatures showed
that the porosity was associated with large convex cavities (cells) em-
bedded in the cordierite-based matrix, which were mainly generated by
the removal of native starch granules with certain structural integrity,
and with much smaller pore channels or throats (cell windows) inter-
connecting these cavities. In all materials, the cavities presented a
certain degree of tortuosity and nonspecific morphology, especially
when the treatment temperature was lowest (1275 °C), but their size
was primarily determined by the native starch type used in the thermal
consolidation. The removal of potato starch produced cavities with the
greatest size, in agreement with the fact that their dimensions are re-
lated to dry starch granule sizes or those having suffered some degree of
swelling. In addition, larger cavities generated by the joining of various
cavities were also observed, as reported in our previous paper [47]. Of
course, the relatively small differences determined between the open
porosity values exhibited by the materials prepared with potato or corn
starch, respectively, and sintered at different temperatures (Table 3),
were not visible at first in the SEM images (Figs. 2–4) because they were
masked by the microstructural heterogeneity.

The microstructural features of the matrix developed at each tem-
perature were similar for both types of materials (materials prepared
with corn starch and potato starch). With regard to the ceramic matrix
developed in the materials sintered at 1300 °C (Fig. 5a), which was
similar to those developed after treatment at 1275 °C, the small particle
sizes and their irregular morphological characteristics indicate that the

Table 3
Open porosity (%Popen) and total porosity (%Ptotal) values of disk-shaped samples sintered
at 1275, 1300 and 1330 °C for 4 h.

Porosity PM-potato PM-corn

1275 °C 1300 °C 1330 °C 1275 °C 1300 °C 1330 °C

Popen (%) 55±1 54±5 49±4 46±7 43±5 42±3
Ptotal (%) 56±3 55±4 50±4 49±7 45±4 46±4

Fig. 2. SEM images of the microstructures developed at 1275 °C, 4 h (fracture surfaces) for materials formed with potato starch (a) and corn starch (b).
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degree of sintering (formation of solid necks) achieved at these tem-
peratures was not very high. Contrarily, the matrices developed in the
samples treated at 1330 °C (Fig. 5b) reached a greater degree of cohe-
sion than those treated at lower temperatures. Thus, the development of
solid necks between particles was really evident only when the tem-
perature increased up to 1330 °C. Moreover, the higher degree of
densification achieved for the material at 1330 °C was enabled by the
high temperature, together with the presence of phases based on sili-
cates with low melting points, which facilitate material transport, thus
increasing the densification rate. In these materials, the growth of
elongated mullite grains (< 3 µm of length) with an aspect ratio ∼ 3
can be associated with the occurrence of the mullitization reaction in
the presence of a liquid phase. Besides this type of grain, equiaxial
grains with an aspect ratio ∼ 1 were also observed.

Also, taking into account pores bigger than the grain size, which are
embedded in the ceramic matrix containing small pores and do not
contribute to the shrinkage of the body, the volume shrinkage of the
disks treated at all temperatures (∼ 30%) can be assumed to corre-
spond exclusively to the densification of the matrix.

The results of stereology-based image analysis are shown in Table 4.
The pore size, or more precisely the characteristic length of the pore
space heterogeneity, here quantified via the mean chord length, was
larger (24–31 µm) for the materials prepared with potato starch than
for those prepared with corn starch (15–21 µm). That signifies, as ex-
pected, that there is a clear difference between materials prepared with
the two starch types, in agreement with the fact that their original
granules have different sizes, although for potato starch the results
listed in Table 4 do not reveal a clear trend with firing temperature (the
sample prepared with potato starch and sintered at 1330 °C showed
exceptionally large pores and large matrix regions between them,

obviously due to the coalescence of these large pores when the viscosity
of the liquid melt became sufficiently low). It has to be emphasized that
for spherical and other isometric convex pores (cavities) the mean
chord length is always significantly smaller than the pore diameter (or
equivalent diameter), while for non-convex pores like pore channels
(throats), concave pores or pores with anisometric or irregular shapes,
e.g. coalesced pores, this statement does not apply (because a pore
diameter is not uniquely defined in this case). On the other hand, both
types of starch granules undergo swelling during this process, which
generally tends to increase the size of the starch granules, and after
starch burnout both types of pores (i.e. those from potato starch and
corn starch) undergo shrinkage during sintering. Furthermore, due to
the higher swelling factor of potato starch compared to corn starch, the
loss of integrity and rupture experienced by the potato starch granules
can be larger than that experienced by the corn starch granules during
the thermal consolidation process, which could explain the lower va-
lues obtained for mean chord lengths in the materials prepared with
potato starch compared to the original granule size (Table 1). It is thus
clear that there are basically several counteracting effects in both cases
that may compensate each other, a situation that is further complicated
by the aforementioned liquid melt forming reactions and the change of
the liquid melt viscosity with temperature. Similar differences as to the
mean chord lengths have been confirmed for the mean pore distance,
i.e. the mean chord length of the matrix between the large pores re-
sulting from starch burnout: the mean distance between pores is much
larger for samples prepared with potato starch (11–19 µm), than for
samples prepared with corn starch (7–8 µm). The reason is evident:
potato starch granules are larger than corn starch granules and there-
fore a smaller amount of them is needed to achieve comparable or even
higher porosities. Consequently, the mutual distance of the pores after

Fig. 3. SEM images of the microstructures developed at 1300 °C, 4 h (fracture surfaces) for materials formed with potato starch (a) and corn starch (b).

Fig. 4. SEM images of the microstructures developed at 1330 °C, 4 h (fracture surfaces) for materials formed with potato starch (a) and corn starch (b).
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sintering is also larger when potato starch is used. The mean pore
distance increases slightly with increasing Ts for both types of samples,
but this increase is close to negligible unless coalescence phenomena
come into play as in the aforementioned case of the sample prepared
with potato starch and sintered at 1330 °C.

With regard to the surface density, which is related to the specific
surface of the pores and thus to the starch granules from which these
pores were formed, the values obtained for the materials prepared with
potato starch (86–110 mm−1) and corn starch (149–181 mm−1) are in
agreement with the fact that the smaller the size of the pores and starch
granules are, the higher the surface density is. The mean curvature
integral density, whose values were 912–2782 mm−2 and
2373–2945 mm−2 for samples prepared with potato and corn starch
respectively, is a measure of the curvature per unit volume that is high
when the curvature is high, which is the case not only when the pores
are small, but also when local high-curvature regions are present, as in
the case of coalesced pores. This explains the surprisingly high value of
this parameter for the aforementioned case of the sample prepared with
potato starch and sintered at 1330 °C.

The pore size distributions (cumulative curves) of materials sintered
at 1330 °C obtained by mercury intrusion porosimetry are shown in
Fig. 6. The pore sizes measured in both materials were much smaller
than the cavity sizes observed in SEM images and determined via image
analysis from optical micrographs, as expected based on the char-
acteristics of the developed pores: large cavities interconnected by pore
channels or throats of much lower size. The mercury intrusion results
are then attributed to the "bottle neck" effect that occurs when mercury
accesses a large cavity through a narrow channel [49]. Thus, the pore
diameters determined by mercury porosimetry correspond to the pore
throat sizes [50]. The median pore sizes (D50) for materials prepared
with the potato and corn starches were 10.4 and 4.6 µm, respectively.
These values indicate that the starch type used also influenced the pore
throat size. A similar dependence was also observed in porous mullite
materials prepared by using native starches [47]. On the other hand,
the obtained range of pore throat sizes was rather similar to those re-
ported in previous work [18] for similar ceramic materials prepared by
the SCC method using Argentinean native starches (potato, corn and

cassava) or modified potato starch.
According to the frequency curves obtained from mercury por-

osimetry measurements of samples after sintering the content of inter-
stitial matrix pores, i.e. interparticle voids with sizes typically< 0.5 µm
(as reported in earlier studies for oxide ceramics prepared by SCC
[30,51]), are very small for the ceramics after sintering (evidently due
to the presence of the liquid melt phase that tends to close these small
pores) and similar for the materials prepared with both types of starch.

Based on the phases generated after the burnout of organics (re-
moval of starch and processing additives) and sintering treatments of
the bodies at 1275, 1300 and 1330 °C, and the degree of densification of
the ceramic matrix achieved in each case, the highest temperature
(1330 °C) was selected as a suitable thermal treatment condition for
preparing porous cordierite-based materials for mechanical evaluation.

Fig. 5. Typical ceramic matrices developed in materials treated at 1300 °C (a) and 1330 °C (b), 4 h.

Table 4
Microstructural characteristics determined via image analysis for porous cordierite in this work (errors in this table correspond to 95% confidence intervals).

Microstructural feature PM-potato PM-corn

1275 °C 1300 °C 1330 °C 1275 °C 1300 °C 1330 °C

Mean chord length (µm) 26.9±3.9 24.1± 2.4 30.8±6.3 21.1±4.0 15.8±3.1 15.3±3.1
Mean pore distance (µm) 10.7±1.6 12.6± 1.3 18.6±3.8 6.7± 1.3 7.9± 1.6 8.2± 1.7
Surface density (mm−1) 109± 12 110±12 86±13 149±23 181±26 172±25
Mean curvature integral density (mm−2) 912± 72 1884±152 2782±281 2945±313 2863±271 2373±234
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Fig. 6. Pore size distributions (cumulative curves) measured via mercury porosimetry for
materials formed with potato starch (dotted curve) and corn starch (solid curve) sintered
at 1330 °C.
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3.3. Mechanical behavior as a function of temperature

Typical stress-strain curves determined in diametral compression
tests at room temperature (RT) and high temperatures for porous cor-
dierite disks consolidated with different starches and sintered at
1330 °C, are presented in Fig. 7. The values for the mechanical para-
meters are reported in Table 5.

The stress-strain curves of sintered disks determined at RT have a
region of linear elastic deformation (dismissing the first concave part of
the RT curves which is due to the accommodation of the sample-loading
system), and then they deviate from linearity as is evidenced by the
relatively low values of σY/σF (< 60%). From a phenomenological point
of view, the irreversible deformation mechanism leading to this de-
viation is microcracking, similar to what occurred with green compacts
[26]. However, the underlying micromechanism is different because,
for instance, the fracture is inter-particle in the green state and inter-
granular or transgranular (intragranular) in the sintered specimens, and
the plasticity provided by the organic binder is absent in the latter. As is
well known, porous materials like ceramic foams can exhibit quasi-
plastic behavior, although their microstructural elements (struts in
open-cell foams, walls in closed-cell foams and highly porous materials)
are completely brittle [52]. Microcracking is certainly associated to the
failure of these microstructural elements, which is facilitated by the
presence of a large amount of pores.

Typical fractured cordierite disks tested at room and high tem-
peratures are shown in Fig. 8.

In both cases, the disks tested at RT showed a diametral fracture,
which validates the obtained strength values [36]. Such failure is evi-
denced in the stress-strain (σ-ε) curves (Fig. 7) as a sudden drop in
stress, corresponding to the propagation of the diametral crack. The
additional damage by fragmentation in the contact region where the
disks were loaded was mainly observed in the disks prepared with corn
starch (Fig. 8b).

From the fracture mechanics relationship between KIC (critical stress
intensity factor or fracture toughness) and σF:

=K σ YcIC F
1/2 (3)

where Y is a factor which depends on the critical defect geometry, the
critical defect size c can be estimated. Considering KIC ∼ 2.2 MPa m1/2

and σF ∼ 245 MPa for a dense cordierite material [53], the flaw sizes
calculated range between 20 µm and 40 µm, for Y varying from 2.0 (for
a shallow elliptical defect) to 1.4 (for a semi-elliptical flaw) [54], re-
spectively. Taking this calculation as a rough and conservative estimate
of the critical defect size of cordierite material (in our case, the presence
of other phases, mainly the silicate glass phase, must surely reduce
values of KIC, σF and c), the cavities observed by SEM can be considered
as critical flaws determining the mechanical resistance sintered at
1330 °C, bearing in mind their sizes as estimated by stereological ana-
lysis (Table 4). Furthermore, assuming the same values of KIC and Y
factor for both cordierite disks (those prepared with potato starch and
those prepared with corn starch), the following ratios between the
strengths and defect sizes of the two types of materials can be estab-
lished:
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−

−
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( )
/
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Using the mean values of pore sizes (Table 4) for c(PM-corn) and c(PM-

potato) and mechanical strengths (Table 5), a similar ratio is obtained for
both parameters, approximately 1.4 and 1.5, respectively. Thus, the
lower values for mechanical strength and apparent Young's modulus at
RT determined for the disks prepared with potato starch and sintered at
1330 °C can be attributed to its higher porosity, larger pores (cavities)
and, as mentioned earlier, the larger degree of heterogeneity of this
sample, which has been discussed above. On the other hand, the lower
strain to failure displayed by the specimens prepared with corn starch
correlates well with their higher stiffness.

When both types of cordierite disks were tested at 1000 °C, the
stress-strain curves (Fig. 7) were similar to those obtained in the tests at
RT, although the deviation from linear response occurred at a higher
stress level, as shown by the increase of the σY/σF ratio (Table 5), with
the non-linearity being larger in the case of disks formed with potato

Fig. 7. Typical stress-strain curves of porous cordierite disks (Ts = 1330 °C) prepared from PM-potato (a) and PM-corn (b) systems.

Table 5
Mechanical parameters of porous cordierite disks (Ts = 1330 °C) tested at different temperatures.

Testing temperature System Ea (GPa) σF (MPa) εF σY (MPa) σY/σF (%)

RT PM-potato 0.40± 0.06 5.3±0.4 0.023± 0.009 2.4± 0.1 47±2
PM-corn 0.90± 0.09 7.9±0.3 0.016± 0.006 4±1 46±17

1000 °C PM-potato 0.40± 0.01 7.1±0.5 0.032± 0.003 4.4± 0.1 62±6
PM-corn 0.50± 0.05 6.6±0.9 0.029± 0.005 4.6± 0.4 55±7

1100 °C PM-potato 0.70± 0.01 4.6±0.7 0.036± 0.015 4.4± 0.1 22±4
PM-corn 0.90± 0.30 9±2 0.022± 0.006 2.4± 0.4 26±2
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starch. At this temperature, fracture strength and pore size values do
not follow Eq. (4) at all, which indicates that at this temperature there
are other factors affecting the mechanical behavior of the porous cor-
dierite-based materials. The main reason is the presence of the silicate
glassy phase that softens at temperatures below 1000 °C. Also, the
shape of stress-strain curves obtained at 1100 °C clearly indicates that a
low-viscosity phase affected the mechanical behavior of disks: an early
and significant deviation of the linear behavior is displayed, having the
lowest σY/σF ratios in the range of testing temperatures. Again, the ratio
between σF of both types of cordierite disks is quite different from that
predicted by Eq. (4), which is based on mean pore sizes. Nevertheless,
the σ-ε curves of specimens prepared with corn starch resemble those
determined at RT.

In addition to an irregular diametral fracture, further fragmentation
of the disks occurred when they were mechanically tested at 1000 °C
(Fig. 8). This is responsible for the small drops in stress displayed in the
stress-strain curves (Fig. 7) until diametral failure occurred with an

abrupt and pronounced reduction of the stress. Moreover, the typical
fracture pattern at 1100 °C was also diametral with secondary cracking
(Fig. 8); in some cases, permanent deformation (flattening) was evident
in the contact zone, especially in those disks obtained by the PM-potato
system, as a consequence of the irreversible deformation resulting from
the silicate viscous phase.

The variation in parameters σF and Ea between RT and 1000 °C was
not very significant or, as was expected, they decreased due to the
presence of the viscous silicate glassy phase. The exception to this be-
havior is the mechanical strength of disks prepared with potato starch,
which is the material with greater porosity; in this case, the strength is
slightly higher at 1000 °C than at RT. In spite of the presence of a
greater amount of viscous phase with higher fluidity at 1100 °C (com-
pared to 1000 °C), an unexpected increase in the apparent modulus and
strength in materials prepared with the PM-potato and PM-corn sys-
tems, respectively, was determined.

Before discussing this particular behavior, it is worth noting that

Fig. 8. Typical fracture patterns of porous cordierite disks (Ts
=1330 °C) tested at RT (a: PM-potato; b: PM-corn), 1000 °C (c:
PM-potato; d: PM-corn) and 1100 °C (e: PM-potato; f: PM-corn).

M.L. Sandoval et al. Ceramics International 44 (2018) 3893–3903

3901



when the contact area between the disks and the platens becomes
flatter, the stress generated in the center of disks tends to decrease, and
the slope of the load vs. displacement curve tends to increase [35]. As a
result, the use of the Hertz equation (Eq. (1)) for stress calculation
overestimates its value, which is translated to the stress-strain curve, its
slope and the calculated apparent Young's modulus. Furthermore, the
disk flattening (which likely occurs during heating) also reduces the
diametral displacement of the actuator, i.e. the value of d in Eq. (2),
which decreases disk deformation ε and increases the calculated para-
meter Ea. For this reason, the value of Ea at 1100 °C when the flatness of
tested disks occurred, is considered fictitious, being actually over-
estimated. Furthermore, σ-ε curves displayed only a small degree of
linearity, which represents another source of uncertainty. This restric-
tion makes any discussion concerning the apparent increase of Ea when
mechanical testing was performed at 1100 °C highly problematic.

In order to explain the unexpected increase of mechanical strength
at high temperature, the role of the silicate glassy phase has to be
considered. On the one hand, the softening of the silicate glassy phase
present in the porous cordierite-based materials studied here facilitates
the displacement and rearrangement of particles by viscous flow and
finally, the failure of the specimen. In principle, this irreversible de-
formation should add to microcracking as mechanisms linked to the
non-linearity of the stress-strain curves. On the other hand, however,
the presence of a low-viscosity phase also hinders microcrack propa-
gation by tip blunting [55]. Furthermore, the applied stresses can be
relieved by the irreversible deformation of this viscous phase itself.
Either of the last two phenomena reduces the stress supported by the
material (positive effects on mechanical bearing capacity), opposing the
(negative) effect of the viscous phase supporting fracture via particle
sliding. Which of these effects caused by the presence of a viscous phase
dominates the mechanical behavior depends on several factors, mainly
the fluidity of the viscous phase, the distribution of this phase in the
microstructure and the size of the microcracks. In relation to these
factors, the displacement of the viscous phase could be restricted by
small interstitial pores and windows in the porous matrix which act as
"bottle necks". This occlusion will be more effective for smaller and less
interconnected pores.

Thus, in the case of the disks prepared with corn starch, the re-
covery of mechanical strength at 1100 °C (after a slightly decrease at
1000 °C) can be attributed to the highly efficient occlusion of the low
viscosity phase by the small windows and less interconnected pores
(defining the ratio Popen/Ptotal as the interconnection degree, the values
for disks prepared using potato or corn starches were 0.98 and 0.91,
respectively), which reduced its effects on the sliding of particles which
eventually led to the material's fracture. Other positive effects such as
microcrack tip blunting and/or stress relief by the irreversible de-
formation of the silicate viscous phase could also exist. This last process
could explain the strong non-linear σ-ε behavior for this thermal con-
dition. Conversely, the larger windows and more-connected pores in the
material prepared from the PM-potato system were not effective to
impede the fluid phase displacement, as is manifest also in the shape of
the stress-strain curve, and the value of σF decreased between 1000 and
1100 °C.

The increase in the value of σF for disks prepared with potato starch
between RT and 1000 °C, as well as the small decrease in this me-
chanical parameter in those specimens formed by PM-corn system,
cannot be explained using the same arguments. The viscous silicate
phase movement seems to be restricted by the lower fluidity of the si-
licate viscous phase at 1000 (compared to 1100 °C). An indication of
this restriction is the higher linear proportion of stress-strain curves at
1000 °C (the highest σY/σF were calculated for 1000 °C, see Table 5). In
this situation, occlusion by the little holes (windows) was not the
dominant effect on the mechanical behavior of the porous cordierite-
based materials. On the other hand, a plausible hypothesis is that the
characteristics of the microcracks (size, tip sharpness, etc.) present in
the matrix of both types of disks (prepared from PM-potato or PM-corn

systems) are different, as is the porosity generated with potato or corn
starches. Thus, it could be possible that the main determining factor is
microcrack tip blunting, which would be more efficient in specimens
prepared with potato.

In comparison with previous results obtained for porous cordierite-
based materials prepared by SCC using a precursor mixture with the
same proportions of alumina, talc and kaolin as those used in this work,
and native potato and corn starches (from Argentina) [17], the present
materials displayed some differences in the high temperature me-
chanical response. These cordierite materials exhibited superior per-
formance, especially at 1100 °C, although they were more brittle in
spite of the contribution of the glass phase to softening and displayed
higher values of the basic mechanical parameters (σF and Ea). Taking
into account the similarities in porosities and microstructural features
between the first set of cordierite disks and those studied in the present
work, the superior mechanical behavior of the latter is attributed to
differences in the characteristics of the raw materials (mainly im-
purities), which led to a distinct mineralogical composition and glass
phase nature, among other aspects. The presence of mullite, for in-
stance, in the porous disks in this work could be a decisive factor behind
the higher values for their high-temperature mechanical parameters.

4. Conclusions

In this work, porous cordierite ceramics with two types of micro-
structures were prepared by starch consolidation casting using native
potato and corn starch and sintered at three different temperatures.

The XRD results showed that with increasing sintering temperature,
the cordierite content increases from 27% to 59%, while the contents of
all other phases (except for spinel, whose content is very low, viz.
1–4%) have significantly lower values after sintering at 1330 °C (com-
pared to 1275 °C). Apart from cordierite and a significant amount of
glass phase (15–18%), the main phases are mullite (15–19%) and alu-
mina (5–14%). The total porosities are in the overall range of 45–56%
(46–50% for samples sintered at 1330 °C), while open porosities are in
the overall range of 42–55% (42–49% for samples sintered at 1330 °C).
In all cases, the materials prepared with potato starch have higher
porosity than those prepared with the same amount of corn starch,
evidently mainly because of the higher degree of swelling of the potato
starch granules. Microscopic investigation by SEM confirmed much a
larger pore size for the materials prepared with potato starch compared
to those prepared with corn starch. A quantification of these findings
via image analysis resulted in a mean chord length of 24–31 µm for the
materials prepared with potato starch and 15–21 µm for those prepared
with corn starch. Corresponding differences between the two starch
types have been confirmed for the mean pore distance (with potato
starch 11–19 µm, and corn starch 7–8 µm), the surface density (with
potato starch 86–110 mm−1, and corn starch 149–181 mm−1) and the
integral mean curvature density (with potato starch 912–2782 mm−2,
and corn starch 2373–2945 mm−2). In addition, the pore throat size
measured via mercury porosimetry is much larger for the former than
for the latter, as expected. The mechanical behavior of porous cordierite
ceramic disks in diametral compression is rather complex, especially at
high temperatures (1000 and 1100 °C) and has been discussed in great
detail. In summary, it may be concluded that—mainly due to higher
porosity—materials prepared with potato starch tend to have a lower
apparent Young's modulus, lower elastic limit and lower mechanical
strength than those prepared with corn starch. At high temperatures the
basic mechanical properties (strength and elastic modulus) are sur-
prisingly high despite the presence of a silicate glassy phase due to the
particular combination of the porous microstructure features.
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