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In this article, the processing and microstructures of porous
mullite bodies prepared by modifying the conventional route of
the starch consolidation casting method were studied. The pro-
posed route, called the “soluble route”, involves the use of
native starches (i.e., potato, cassava, and corn starches) and a
synthesized granular cold-water-soluble (GCWS) starch. Stable
aqueous mullite-starch suspensions (0.25 starch volume fraction
of 40 vol% total solids) were prepared by mixing. The total
starch content was a mixture of ungelatinized native starch and
GCWS starch with a 1:10 ratio of GCWS starch to total
starch. Steady-state shear flow properties of the suspensions
were analyzed by measuring viscosity. The addition of CGWS
starch increased the starting suspension viscosity and thus pre-
vented the particle segregation. Porous mullite bodies were
obtained by heating (80°C, 2 h) the suspensions in metallic
molds and by drying (40°C, 24 h) and sintering (1650°C, 2 h)
the green disks after burning out the starch (650°C, 2 h).
Green bodies obtained before and after the burning-out pro-
cess, and the sintered disks were characterized with density and
porosity measurements (Archimedes method) and microstruc-
tural analysis by SEM3 . The phases generated after the sinter-
ing process were determined by XRD4 analysis, and pore size
distributions were studied by Hg-porosimetry. The obtained
results showed that the use of the GCWS starch made the
shaping of homogeneous mullite bodies without cracks or
deformations possible along with the development of controlled
porous microstructures.

I. Introduction

P OROUS ceramics possess various specific properties: low
density, low specific heat, low thermal conductivity, high

surface area, and high permeability. Materials with such
properties can be used in a wide range of technological appli-
cations ranging from catalyst supports, bioceramics, filters,
combustion burners, among others. In particular, porous
mullite (3Al2O3∙2SiO2) materials can be used as thermal insu-
lators because of their low thermal expansion coefficient and
thermal conductivity and their good mechanical properties at
high temperature.1–4

Among the direct consolidation methods of ceramic sus-
pensions, techniques in which gelling compounds are used as
body-forming and pore-forming agents have become one of
the most popular processing routes of porous ceramics. Thus,
the starch, which can be used as a consolidating agent of the
ceramic suspension when the system is heated between 50°C

and 85°C and as a pore former at high temperature after
burning, constitutes the basis of a noncontaminating low-cost
consolidation technique called “starch consolidation casting”
(SCC).5,6 In this method, when the aqueous ceramic-starch
suspension is heated, the starch granules swell by water
absorption, decreasing the available free water. The ceramic
particles (usually of lower size than the starch granules) are
thus pressed together in the interstitial space to consolidate
into a solid body.

Pabst et al.7 proposed a model for ceramic body forma-
tion that involves two steps: first, the drainage of the excess
water by swelling starch granules, and second, the forming of
a rigid network of gelatinized starch components that extend
into the interstices among the ceramic particles before trans-
formation into a viscoelastic gel, with a subsequent viscosity
increase. After calcination and sintering treatments, a porous
material is obtained. The porosity thus generated is associ-
ated mainly with highly interconnected open pores and
depends on the amount, shape, and size of the swollen starch
granules.

In the first reported investigations about this forming
method,5,6 the use of native starches as a body-forming agent
was not recommended because highly deformed green bodies
were obtained. Furthermore, the most satisfactory results
were achieved when chemically modified starches were used,
in particular an etherified potato starch modified by hydro-
xyl-propylation and cross-linking (i.e., TRECOMEX AET1).
In these cases, chemical modification is the factor that deter-
mines the faster water uptake due to the more open starch
granule structure. On the basis of the problems associated
with using native starches in ceramic forming by direct con-
solidation, we have recently reported some modifications to
the conventional method.8,9

Nevertheless, native starches can also be physically
modified. Synthesized granular cold-water-soluble (GCWS)
starches are physically modified starches characterized by a
change in the supramolecular order that does not damage its
granular shape. Their granules have the ability to instantly
swell in water at room temperature, which produces suspen-
sions with viscosities higher than their native counterparts or
similar to those of the native starch suspensions after heat-
ing.10 In addition, GCWS starches provide gels with greater
strength than the pregelatinized traditional starches obtained
by roll drying, spray drying, or extrusion.11,12 In spite of
these advantages, however, the use of this modified starch
type for the preparation of porous ceramics using the SCC
technique has not been reported up to now.

GCWS starches can be prepared by several methods: (a)
treating a slurry of native starch and a monohydric alcohol
with an alkaline solution;13 (b) heating starch in aqueous
monohydric alcohol solutions at 150°C–170°C under elevated
pressure;14 and (c) heating native starch in aqueous polyhy-
dric alcohol (e.g., 1,2-propanediol) solution at approximately
115°C at atmospheric pressure.10,11 The cold-water swelling
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of these starches has been attributed to the conversion of the
native double-helical crystalline domains of amylose and
amylopectin side-chains (A-, B-, or C-type polymorphs) into
a weak single helix crystalline structure (V-type) or an amor-
phous structure, whereas the granular integrity of the starch
is preserved. Removal of alcohol by drying leaves an empty
cavity in the center of the helices, which results in starch
granules that are metastable and cold-water-soluble.12,13,15,16

In this study, a new forming route of aqueous mullite-
native starch suspensions, alternative to conventional route,
was designed with the aim to develop green bodies without
deformation and with homogeneous porous microstructures.
Taking this into account, it was considered that an increase
in the suspension viscosity could be produced to achieve such
characteristics and thereby minimize the possible segregation
of mullite particles and starch granules. Thus, the proposed
new processing route, called “soluble route” (SR), involves
using a ceramic suspension with native starches and a small
amount of a GCWS starch which ought to act as a thickener
of the suspension at room temperature before thermal con-
solidation. The fact of using a thickener with the same chem-
ical nature as starch prevents competition with the dispersant
for the adsorption sites of the ceramic particles and in
consequence, prevents a change in the stabilization of the
suspension.

II. Experimental Procedure

(1) Raw Materials
A high-purity commercial mullite powder (MULS, Baikow-
ski, France) was used as the ceramic raw material. The weight
percentages of the main elements (expressed in oxides) were
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The alkaline impurity level was less
than 0.2 wt%. Excess alumina (even considering that the
totality of the determined silica is part of the mullite) with
respect to the stoichiometric composition (Al2O3 = 71.8 wt%,
SiO2 = 28.2 wt%) was identified. Mullite 3/2 (JCPDS File 74-
2419) as primary phase, and a-alumina (JCPDS File 82-
1399), h-alumina (JCPDS File 11-0517), and cristobalite
(JCPDS File 77-1317) as secondary phases, were identified by
XRD (X’Pert PRO, PANalytical, radiation of CuKa at
40 mA and 40 kV5 ). In addition, a low-intensity band was also
observed in the zone of the more intense diffraction peaks of
silica polymorphs (20–30°2h), which is associated with non-
crystalline silicate phases. The powder density (3.07 g/cm³)
was measured by He-pycnometry (Multipycnometer, Quanta-
chrome Co.6 ). This value was lower than theoretical densities
of mullite (3.16 g/cm3), a-Al2O3 (3.98 g/cm3), and h-alumina
(3.28 g/cm3) due to the contribution of cristobalite (2.3
g/cm3) and noncrystalline silicate phases (~2.2 g/cm3). On the
other hand, the mullite powder presented a medium crystal-
linity that was associated in part with the presence of small
narrow- and medium-height diffraction peaks compared with
the characteristic peaks of diffractograms of highly crystalline
commercial mullite powders.17 Taking into account these
results, it can be inferred that the commercial mullite powder
comes from a synthesis process in which the total conversion
of the starting mixture (ammonium alum and silica) was not
achieved.18 The mullite powder presented a bimodal particle
size distribution (Mastersizer S; Malvern Ltd.,7 UK) with a
low mean volume diameter (D50 = 1.5 lm), a high volume
percentage (~30%) of fine particles <1 lm, and contained
agglomerates up to 50 lm in size due to the presence of the
very fine particles. These results are consistent with the high
value of the specific surface area (13.5 m2/g) determined by
the BET method (Monosorb, Quantachrome Co.). Moreover,
it was previously determined8 that the mullite powder consists
of very small three-dimensional particles, some of them fac-
eted, with equiaxial morphology, as well as agglomerates of
the smallest particles, which is in agreement with the granulo-
metric distribution.

Commercial native starches (Avebe S.A., 8Argentina)
derived from cassava, corn, and potato (Table I), were also
used as raw materials. Real densities and total lipid content
were determined by He-pycnometry (Multipycnometer,
Quantachrome Co.) and Soxhlet extraction method (IRAM
15040 9), respectively. The values obtained for these parame-
ters were in the range of the values reported for these starch
types.19 In addition, the crystalline molecular order within
the starch granules was analyzed by XRD (X’Pert PRO,
PANalytical). Based on peak positions, the cassava and corn
starches were identified as A-type (15.2, 17.1, 18.0, and
22.9°2h), whereas the potato starch was identified as B-type
(5.4, 15.0, 17.2, 21.8, 24.0, and 17.2°2h). Moreover, the
degree of crystallinity for the starches (cassava = 32%,
corn = 31% corn, potato = 25%) was quantitatively calcu-
lated from the ratio of the area of all peaks to the total area.
The particle size distributions were analyzed (Mastersizer S,
Malvern Ltd.) using stabilized aqueous starch suspensions.
The three starches presented bimodal granulometric distribu-
tions, with a low volume percentage (< 5%) of small gran-
ules, which can be linked to impurities or broken granules.
The moisture weight percentage was determined by thermo-
gravimetric analysis, TGA (Shimadzu TGA-50 10, Japan) at
10°C/min up to 700°C, in air. Starch transition temperatures
were determined by DSC (Shimadzu DSC-50, 11Japan) at 5°C/
min up to 120°C. The granule morphology analysis of the
dry starches was performed by SEM (Jeol JSM-6460, 12Japan).
Potato starch exhibited the largest granules, with smooth sur-
faces and oval or spherical forms. Corn and cassava starches
presented granules with polyhedral form, but the corn starch
granules were most representative of this type.

(2) Processing and Characterization of Prefired Mullite
Bodies

(A) Preparation and Characterization of Granular Cold-
Water-Soluble Starch: The GCWS starch was prepared by
heating an aqueous native cassava starch suspension and 1,2-
propanediol to 114°C, followed by solvent exchange with
ethanol.10,12 Their cold-water solubility and viscosity in aque-
ous media at room temperature were the parameters taken
into account to select the native starch employed to synthe-
size the GCWS starch. Among different native starches stud-
ied for the cold-water-soluble starch preparation, the GCWS
cassava starch exhibited the highest cold-water solubility
(92%–99%) and the viscosity of its aqueous suspension at
room temperature was similar to the native cassava starch
after heating.10 The optimal concentration of GCWS starch
in the total starch content used to form disks by the pro-
posed processing route (SR) was previously determined20

based on apparent viscosity measurements of aqueous mull-
ite-starch suspensions with different amounts of the selected
GCWS starch. The crystalline molecular arrangement within
the starch granules and their degree of crystallinity were ana-
lyzed by XRD using the same experimental conditions used
in the native starch tests. In addition, the morphology of the
dried GCWS starch granules was analyzed by SEM, and the
granule size distribution was determined by laser diffraction
using water as the liquid medium of the suspension. The
behavior of their aqueous suspensions as a function of tem-
perature (30°C–85°C) was evaluated from the analysis of the
images captured using transmission optical microscopy
(Leica DMLB 13; 14, Germany) with a hot stage (Linkam THMS
600, UK) and a video camera (Leica DC 100 15, Germany).

(B) Shear Flow Properties of Aqueous Mullite-Starch
Suspensions: Based on previously selected experimental
conditions,20,21 aqueous mullite-starch suspensions (40 vol%
total solid loading) were prepared by: (a) mixing mullite
powder in water to a solid content of 40 vol% dispersing
with 0.45 wt% Dolapix CE-64 (Zschimmer & Schwarz, 16

Germany) with respect to the powder amount; (b) homoge-
nizing in a ball mill for 6 h; and (c) adding and mixing for
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5 min a volume of aqueous starch suspension (40 vol%) to
obtain starch and mullite final contents of 10 vol% and 30
vol%, respectively. The total starch content was a mixture of
cassava, corn, or potato starches with the GCWS starch pre-
pared from native cassava starch in such way that the ratio
of GCWS to total starches was 1:10.

The shear flow properties of aqueous mullite-starch sus-
pensions with and without GCWS starch were analyzed from
viscosity measurements (rheometer Haake RS50; Thermo
Electron Corp.,17 Germany) using a double-cone/plate sensor
configuration (DC60/2°, Thermo Haake,18 Germany). Flow
curves were obtained with a three-stage measuring program
with a linear increase in shear rate from 0 to 1000 s�1 in
300 s, 60 s at 1000 s�1, and a further decreasing to zero
shear rate in 300 s.

(C) Forming- and Burning-Out Processes: Mullite-
starch green disks (labeled as SRbb) were formed by pouring
the aqueous mullite-starch suspension at room temperature
into stainless steel cylindrical molds (diameter = 2.20 cm;
height = 1.00 cm) and heating them in an electric stove
(Memmert UFP 400,19 Germany) at 80°C for 2 h. Once the
consolidation was finished, the samples were taken out of
their molds and dried at 40°C for 24 h.

Burned mullite bodies (labeled as SRab) were obtained
by burning out the starch at a heating rate of 1°C/min up
to 650°C for 2 h in an electric furnace with SiC heater ele-
ments. The calcining temperature was selected based on
the results obtained from TGA tests (Shimadzu TGA-50,
at 10°C/min up to 700°C, in air) of starches used as raw
materials (native and CGWS starches). This temperature
was considered the temperature at which all the organic
components (starches and organic additives) were com-
pletely removed. Furthermore, to evaluate the effective
removal of the starch from the green compacts by the
burning-out process, thermogravimetric tests were per-
formed on mullite-starch (1°C/min up to 650°C, 2 h) and
burned samples (10°C/min up to 700°C). In all the TGA
tests, a very low heating rate (1°C/min) was used to mini-
mize the generation of defects in the green bodies or their
rupture during the burnout process due to the evolution of
a high volume of gas (particularly water vapor and carbon
dioxide) caused mainly by the oxidative degradation of the
starch.

From the TGA tests of starch samples, the following per-
cent weight losses were determined: 12.7 wt% up to 150°C,
which is attributed to the removal of the water physically
adsorbed onto the surface of the starch granules; 61.2 wt%
between 250°C and 350°C and 26.1 wt% in the range 350°C–
550°C, which was associated with the elimination of starch
by thermal and oxidative degradation of the polymeric
chains of its structure. After 550°C, no additional weight loss
was registered. Therefore, a temperature of at least 600°C
was required to remove the starch completely. With regard
to the TGA tests of mullite-starch samples, the percent
weight losses registered for cassava, corn, and potato
starches—assuming that all the organic dispersant was com-
pletely removed—were 11.9, 12.9, and 9.3%, respectively.
Taking into account these values and considering the initial
amount of each starch in the green samples and the associ-
ated experimental error, it was assumed that all the starch
present in the green samples was completely removed during
the burning process.

Densities (q) of the disks obtained before (SRbb) and after
(SRab) the burning-out process were determined by immer-
sion in Hg, and porosities (%P) were calculated from
100�(1�q/qp). For SRbb, qp was the density of the powdered
mixture of mullite and starch determined by He-pycnometry.
For SRab, qp was the pycnometric density value of the mull-
ite powder. The microstructural analysis of the green materi-
als was performed by SEM on fracture surfaces of the disks.

(3) Sintering and Characterization of Porous Mullite
Bodies
Porous mullite bodies were finally prepared by sintering at
1650°C for 2 h in an electric furnace with MoSi2 heater ele-
ments (Carbolite RHF 17/6S; Carbolite Ltd., 20England). Sam-
ples were heated up to the sintering temperature at 5°C/min
and subsequently cooled until room temperature at 5°C/min.

The phases generated after the sintering process were iden-
tified by XRD analysis (X’Pert PRO, PANalytical, radiation
of CuKa at 40 mA and 40 kV). Bulk densities (qs) and open
porosities (%Po) were determined by the Archimedes method
in water, taking into account an error equal to the
Hg-immersion method. Total porosities (%Ps) were calcu-
lated from 100�(1�qs/qps), where qps was the density of the
powdered sample treated at 1650°C for 2 h, determined by
He-pycnometry. From both values, %Po and %Ps, closed
porosities (%Pc) were obtained. In addition, the linear and
volumetric shrinkage of sintered samples were calculated by
using disk geometrical dimensions measured with a slide cali-
per 21. The final microstructures were analyzed by SEM on
fracture surfaces of disks. The mean size and morphology of
the cavities and the grains were determined together with the
degree of pore connectivity (defined as the open porosity/
total porosity ratio). Mercury porosimetry (AutoPore II 215;
Micromeritics 22) was used to determine the pore throat size
distributions.

III. Results and Discussion

(1) Properties of Granular Cold-Water-Soluble Starch
Granular cold-water-soluble (S cassava starch showed a
V-type X-ray diffraction pattern (13.0 and 19.9°2h)22 and a
rather lesser degree of crystallinity (18%) than its native
counterpart (32%) (Fig. 1). The single-chain conformation
can give either an amorphous X-ray pattern indicative of a
random arrangement of polymer chains or the V-type X-ray
pattern that is due to crystals of single-helical chains. Rajag-
opalan and Seib15 reported that the X-ray diffraction pattern
of the treated starches was amorphous immediately after
heating the starches in aqueous polyhydric alcohol, whereas
the diffraction pattern changed to a V-type pattern after the
solvent (aqueous polyhydric alcohol) exchange with ethanol
was produced. Several authors proposed a mechanism in
which the starch molecules (amylose and amylopectin) may
form single-helical complexes (V-complex) with ethanol
molecules during solvent exchange after the double-helical
structure of native starch is dissociated by heating in aqueous
1,2-propanediol.13,15,16 Removal of alcohol by drying leaves
the starch in a metastable state and soluble in cold water.

SEM images of the GCWS cassava starch together with a
SEM image of native cassava starch are shown in Fig. 2.
Based on the analysis performed, the majority of granules

Table I. Characteristics of the Commercial Native Starches

Starch qr (g/cm
3) Moisture content (wt%) Lipid content (wt%) Tp (°C) D50 (lm)

Cassava 1.49 11.5 0.99 67.5 13.6
Corn 1.49 10.9 1.63 66.8 14.8
Potato 1.47 14.4 0.37 65.0 47.8

qr: real density, Tp: endothermic peak temperature, D50: mean volume diameter.
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suffered some modification to their original morphology, and
only a few of them remained intact. Moreover, based on the
particle size distribution, the mean size of cold-soluble starch
granules (D50 = 29.6 lm) was rather greater than those of
the dry original native granules and similar to those corre-
sponding to the native granules gelatinized at 63°C. It is
worth noting that during the preparation treatment of the
GCWS cassava starch, the granules could have experienced
degradation, hydration, swelling, and loss of crystallinity.
These changes are responsible, in part, for the modifications
that occur in the granule morphology.23 In addition, it has
been reported that the specific method used to prepare the
cold-soluble starches determines the morphology of their
granules. The dependence of the characteristics of cold-solu-
ble starch granules on the type of native starch has also been
reported.11,23 In general, the surface of the obtained GCWS
starch granules presented a rough appearance very different
from that of the native cassava starch granules in which their
surfaces were smooth and without pores. In addition, some
of the GCWS starch granules showed internal fragmentation
[Fig. 2(c)]; some of the granules even ruptured from the sur-
face; in these cases, remains of material leached from the
granule and adhered to their surface could also be observed
[Fig. 2(b)]. These facts (changes in the morphology and size
of granules) clearly indicate swelling and shrinkage in the
internal region of the granule, whereas the thin shell at the
granules surface denotes little or no swelling in this region.
The lack of swelling in the thin shell is consistent with the
“leathery” texture at the granules’ surface. In a few cases
[Fig. 2(c)], the occurrence of significant internal shrinkage in
a very localized region together with the generation of a
resistant shell could have also formed a cold-soluble starch
granule with a larger hollow area gave it a donut shape.

Regarding the behavior of aqueous GCWS cassava
starch suspensions as a function of temperature (30°C–85°C)

(Fig. 3), even though at 30°C the majority of cold-soluble
starch granules had already evidenced some change in their
morphology and had become deformed or fragmented, the
few granules that remained intact started swelling after 63°C
(onset temperature of gelatinization, TG0o, of the majority of
native cassava starch granules).24 This behavior was notably
different to that observed in the aqueous suspension of the
native cassava starch (the images of this starch were also
included in Fig. 3 for comparative purposes). In this case,
the native granules did not grow before reaching the onset
temperature of gelatinization (63°C). At temperatures above
TG0o, a large amount of granules increased in size, up to
approximately 40 lm, and some of them even became
deformed and fragmented. A similar behavior was also
observed in heated aqueous suspensions of corn and potato
native starches.20,24 As for the GCWS starch, measuring the
diameter of the majority of granules was not feasible because
of their very complex morphology. In both systems (native
and GCWS starch suspensions) after heating, a mixture of
granules or their remains were immersed in a colloidal dis-
persion of starch components.

Based on these results, it can be assumed that the thermal
consolidation process of the ceramic suspension is only con-
trolled by gelatinization of the native starch. The GCWS
starch acts as gelling agent (thickener) at room temperature,
and because of the low amount added, it only contributes to
increasing the viscosity of the ceramic suspension.

(2) Rheological Behavior of Aqueous Mullite-Starch
Suspensions
Curves of apparent viscosity as a function of the shear rate
of aqueous mullite-starch (cassava, corn, or potato) suspen-
sions with and without added of GCWS starch are shown in
Fig. 4. For comparative purposes, the flow curve of an aque-
ous mullite suspension was also included. Apparent viscosity
values for these suspensions are given in Table II.

Aqueous mullite suspensions with native starches
presented a complex-fluid behavior, exhibiting a slight shear-
thinning (pseudoplastic) to shear-thickening (dilatant) transi-
tion for shear rates close to 300 s�1, low thixotropy (<
400 Pa/s; the area between the up and down stress-shear rate
curves was considered as a measure of this parameter), and a
progressive decrease in the viscosity while maintained for
60 s at the highest shear rate (1000 s�1). This rheological
behavior has been already reported21,25,26 for mullite and
mullite-starch suspensions with similar properties. Regarding
the mullite-starch suspensions with added GCWS starch, a
strong shear-thinning behavior was observed throughout
almost the entire shear rate range. Moreover, the apparent
viscosity values determined at highest shear rates did not
substantially modify. However, for these suspensions, higher
thixotropy values (~3500 Pa/s) were determined. In these sys-
tems, the registered global rheological behavior can be asso-
ciated with two overlapped single non-Newtonian behaviors:
one corresponds to ceramic suspension with native starch,

Fig. 1. X-ray diffraction diagrams of native and GCWS cassava
starches.

(a) (b) (c)

Fig. 2. SEM micrographs of native (a) and GCWS (b and c) cassava starches.
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and the other is associated with the progressive rupture of
gel aggregates formed by the GCWS starch, which produces
a significant viscosity decrease by increasing the shear rate.
In addition, a new gel structure can be partially formed by
decreasing the shear rate, which should lead to a higher thix-
otropy in mullite suspensions with GCWS starch than that
of the mullite suspension with only native starch.

The substitution of a small amount of native starch with
GCWS starch led to a notable increase in the viscosity (at

least six times higher) of mullite-native starch suspensions,
which was related to the ability of GCWS starch granules to
instantly swell in water at room temperature. Moreover, the
viscosity values obtained when the GCWS starch was used
were in the range of the values reported using a chemically
modified starch (TRECOMEX AET1) as was reported by
Barea et al.25 Taking into account that an equal amount of a
unique soluble starch was added, the differences registered in
the viscosity values for each suspension should be attributed
to the role played by each one of the native starches. In fact,
the relative order of viscosity obtained was the same as that
determined for mullite suspensions with original native
starches (mullite-cassava > mullite-corn > mullite-potato).

(3) Characterization of Green Bodies
Disks obtained before the burning-out process (SRbb) had
a mean diameter of 2.17 � 0.01 cm and a height of
0.55 � 0.05 cm, with a shrinkage of 1.3% in diameter and
8.3% in height. Mullite disks obtained after calcination
(SRab) maintained the mentioned dimensions without show-
ing cracks or deformations.

High porosities were achieved in all the green materials.
The type of native starch used did not determine significant
differences in porosity obtained for disks before calcination
(%Pbb = 56 � 1). On the other hand, the porosity of
disks significantly increased after the burn-out process (%
Pab = 70 � 1) using either of the starches. These values
turned out to be consistent with those calculated (~ 69%)
assuming that the totality of the added starch was removed
during the burn-out process. This result indicates that there
was no segregation of starch granules and mullite particles.
Typical SEM images of the fracture surfaces of materials are
shown in Fig. 5. In these images, a homogeneous distribution
of raw materials can be observed, which confirms that there
was no segregation. Moreover, starch granules with integrity
were not observed in the green microstructures. This last
result can be associated with the occurrence of an advanced
gelatinization process that consequently promotes the loss of
granular integrity. The advanced gelatinization process and
the increase in the initial suspension viscosity related to the
presence of the GCWS starch were the determining factors
behind the absence of segregation in the green bodies.

Fig. 3. Optical micrographs of native (top) and GCWS (bottom) cassava starch suspensions heated at different temperatures.

Fig. 4. Viscosity curve for an aqueous mullite suspension and
aqueous mullite-starch (cassava, corn, or potato) suspensions with
and without GCWS starch.
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On the other hand, all the materials (Fig. 5) showed simi-
lar porosities, in agreement with porosity values determined
from density measurements. The porosity of SRbb disks was
associated with cavities possessing a high degree of tortuosity
throughout the entire thickness of disks, which hindered the
accurate measurement of their size. However, it can be
observed that in every sample, the cavity sizes correspond to
those of the dry starch granules or those with a certain
degree of swelling. After the burning-out process, the poros-
ity of materials (SRab) increased notably, thus maintaining
the tortuous morphology of the cavities (Fig. 5).

(4) Characterization of Sintered Porous Mullite Bodies
Mullite 3/2 (JCPDS File 74-2419) was the single crystalline
phase present after the sintering process and identified by
XRD analysis (Fig. 6). The intensities of the characteristic
mullite diffraction peaks were higher than those of the peaks
for the as-received mullite powder. On the other hand, the
pycnometric density value of the powdered sample (qps) trea-
ted at 1650°C was 3.11 g/cm3. Based on these results, it was
assumed that a complete mullitization reaction occurred after
treatment at 1650°C for 2 h.

Total, open and closed porosity values, together with lin-
ear and volumetric shrinkage values of mullite disks obtained
after sintering, are given in Table III.

According to the obtained values, the total (43%–46%),
open (39%–41%) and closed (3%–5%) porosities of sintered
disks were similar for all the native starches used. The

porosity values obtained were in the range of those reported
for porous mullite materials prepared by the conventional
route with a similar percentage of modified starch.25 It is
well-known that total porosities achieved in the materials
prepared by SCC do not correspond directly to the nominal
starch content in the suspension, but they are significantly
higher due to the swelling experienced by the starch granules
during the thermal consolidation process. However, despite
the fact that swelling capacity depends on the starch type,

Fig. 5. SEM micrographs of the fracture surface of disks: SRbb (top) and SRab (bottom).

Table II. Apparent Viscosities at 1000 s – 1 (g1000) of Aqueous Mullite-Starch Suspensions

Aqueous suspensions Mullite content (vol%) Native starch content (vol%) GCWS starch content (vol%) g1000 (mPa/s) Thixotropy (Pa/s)

Mullite-cassava 30 10 0 21 390
Mullite-cassava/GCWS 30 9 1 157 3650
Mullite-corn 30 10 0 19 310
Mullite-corn/GCWS 30 9 1 142 3370
Mullite-potato 30 10 0 16 290
Mullite-potato/GCWS 30 9 1 103 3950

Fig. 6. XRD pattern of as-received mullite powder and mulite
powder treated at 1650°C, 2 h.
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the porosity of the disks did not significantly vary with the
native starch type, which is the same as what happened in
the green bodies and in agreement with the occurrence of a
constrained swelling due to steric effects (excluded volume
effect).

When the nominal starch content is high, as it was in this
study (25 wt%) and as observed in SEM micrographs
(Fig. 6), large pores such as convex cavities are in contact or
interconnected. In addition, small concave interstitial open
pores are present, but some of them close when a sufficient
degree of sintering is achieved. Thus, a certain amount of
closed pores (Table III) and a high degree of pore connectiv-
ity (open porosity/total porosity ratio) was obtained at
1650°C; these parameters were similar for all materials
regardless of the native starch used.

As for the linear and volumetric shrinkage of mullite
disks, the obtained values were in the range of those reported
for bodies consolidated by the conventional route with a
waxy corn starch.27,28

Taking into account that the sintering temperature is the
main factor determining the matrix porosity and that large
pores (bigger than the grain size) embedded in a ceramic
matrix with small pores does not contribute significantly to
the shrinkage of the body, it can be assumed that the
recorded shrinkage in all the mullite disks corresponded
essentially to the matrix. Taking into account that for the
three native starches the linear and volumetric shrinkage per-
centages were similar, and assuming that this shrinkage

occurs only in the ceramic matrix, it can be inferred that the
packing density of the mullite particles in every green body
turned out to be approximately the same. Typical SEM
micrographs of porous mullite materials are shown in Fig. 7.
Highly magnified images of typical cavities developed with
each native starch are shown in Fig. 8.

The large convex cavities (cells) embedded in the mullite
matrix were created by the removal of native starch and
cold-soluble starch granules (mainly those granules that pre-
served their integrity or only deformed after swelling pro-
cess), and much smaller pore channels or throats (window
cells) interconnecting these cavities were developed after the
sintering treatment. The cavity size was mainly determined
by the native starch type, and it was related to dry starch
granule sizes or those having suffered some degree of swell-
ing: 10–20 lm for materials prepared with native starches of
cassava and corn, and 30–70 lm for those prepared with
potato starch. Larger cavities generated from the joining of
various cavities were also observed. In particular, many of
the cavities formed by removing the potato starch presented
a shell and circumferential cracks in the cavity/matrix inter-
face that is separated from the matrix [Fig. 8(c)]. This char-
acteristic was not observed in any of the cavities created by
cassava and corn starches. Several authors5,6,25 have also
reported the formation of these shells and established that
they are formed from a certain amount of shrinkage of the
starch granule during heating, so that the particles that
adhered to the granule are separated from the surrounding

Table III. Total (%Ps), Open (%Po) and Closed (%Pc) Porosity Values, Degree of Pore Connectivity, and Linear and Volumetric
Shrinkage of Sintered Disks

Mullite-native starch system % Ps % Po % Pc Pore connectivity degree Linear shrinkage (%) Volumetric shrinkage (%)

Cassava 43 39 4 0.9 16.1 � 0.9 42 � 1
Corn 44 41 3 0.9 15.9 � 0.1 41.1 � 0.2
Potato 46 41 5 0.9 15.8 � 0.9 41 � 1

(a) (b) (c)

Fig. 7. SEM micrographs of fracture surfaces of sintered disks formed with the GCWS starch and the native starches of cassava (a), corn (b),
and potato (c), after sintering at 1650°C.

(a) (b) (c)

Fig. 8. SEM images of typical cavities developed in materials formed with the starches of cassava (a), corn (b), and potato (c), after sintering at
1650°C.
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matrix and remain attached to the starch. Other authors29

have proposed that as many shells as cracks surrounding the
cavities could be attributed to a differential shrinkage among
regions with different packing density (packing density in the
zone adjacent to the cavity is lower than inside it).

The mullite matrix presented a high degree of densification
with few small concave pores and submicronic grains (some
of them were generated from the mullitization reaction at
high temperature), mainly equiaxial (~ 0.5 lm), together with
other slightly larger grains with elongated morphology (maxi-
mum length and width of 2 lm and 0.8 lm, respectively, and
“aspect ratio” < 2.5). The development of elongated grains
can be related their growth in presence of liquid phase. Based
on these results, it is proposed that the mullite matrix densifi-
cation was facilitated by the presence of phases based on sili-
cates of low melting point that in turn facilitates the
transport of matter, thus increasing the densification rate
along with a limited grain growth.

The pore sizes measured in all the materials by mercury
porosimetry were much lower than the cavity sizes observed
by SEM (Figs. 7 and 8), which was expected based on the
characteristics of the developed pores: large cavities intercon-
nected by pore channels or throats of much lower size. This
result can be attributed to the “bottle neck” effect that occurs
when the mercury accesses inside a large cavity through a
narrow channel. In this manner, the pore diameters deter-
mined by mercury porosimetry corresponded to the pore
throat diameters. According to these results, the pore throat
size distributions for all the prepared materials were similar,
whereby again there was no significant dependence on the
native starch type. The pore throat diameters for the materi-
als prepared with the cassava, corn, and potato starches were
in the ranges 3.3–5.4 lm, 1.8–4.9 lm, and 3.6–6.3 lm,
respectively. In addition, the pore population corresponding
to interstitial pores of much smaller sizes than the cavities
was not observed in the total pore size distribution, thus
indicating that a high degree of densification of the ceramic
matrix occurred during sintering at 1650°C.

The accurate measurement of cavity size by image analysis
requires that they are all single and isolated. However, in the
porous materials developed by SCC, only interconnected sin-
gle pores and agglomerates of pores, which could have origi-
nated from the rupture of the pore wall or from overlapping
or joining of adjacent granules during the forming, are gener-
ated by starch removing. As a consequence, the possible
overlapping or joining of adjacent granules leads to an over-
estimated pore size by image analysis. In addition, it is worth
noting that if isolated pores appear in a 2D transversal cut,
it cannot offer any conclusions as to the pore type in 3D.
Mean values and the standard deviation of different parame-
ters such as aspect ratio, and maximum and minimum Feret
diameters were obtained by image analysis (Table IV) to

characterize the size and morphology of the cavities devel-
oped in the mullite materials. The aspect ratio refers to the
relation between the major and minor axis lengths of the
object that were obtained from maximum and minimum Fer-
et diameters. The Feret diameter takes into account the
major distance between two parallel tangents of the object to
an arbitrary angle.

The large standard deviation values obtained for all the
parameters are in agreement with the fact that for preparing
these materials, natural pore formers that have a wide gran-
ule size distribution, as much in the initial state as after
swelling, were mainly used. In addition, the effect of the gela-
tinization process has should be taken into account. The
mean aspect ratio values obtained for all the materials
(rather higher than 1, which is the value corresponding to
the spherical shape), indicate that the cavity morphology is
far from being spherical due to its significant elongation.
This parameter was not influenced by the starch type used.
However, the native starch type was the determining factor
for the Feret diameters. The obtained size range is in agree-
ment with the size range and order estimated from the SEM
images. The larger value was obtained for mullite materials
prepared with potato starch as well as GCWS cassava starch,
whereas the values of the remaining materials were smaller
but similar between themselves. In short, homogeneous mi-
crostructures with the typical porosity characteristics pre-
sented by the ceramic materials prepared by SCC method
were developed by adding the GCWS cassava starch in the
starting aqueous mullite-native starch suspension.

IV. Conclusions

The presence of a small amount of cold-water-soluble cas-
sava starch in the aqueous mullite suspension with native
starch allowed to form homogeneous green mullite bodies
without cracks or deformation. This was linked to the
increase in the mullite-starch suspension viscosity due to the
thickening action of the cold-water-soluble starch prior to
the thermal consolidation step process that was almost exclu-
sively controlled by the native starch. The homogeneous mi-
crostructures developed by employing the proposed route
presented features similar to those shown by porous materi-
als prepared by the conventional route of the SCC method
with a similar amount of starch. The high volume porosity
achieved was independent of the starch type used and was
associated with large, highly interconnected nonspherical cav-
ities whose sizes depended on the starch type and similar
pore throats of much less size.

Based on the obtained results, the proposed novel process-
ing route constitutes a potential way to replace the conven-
tional SCC method when native starches are used as
consolidator/binder agents, and leads to the development of
controlled and homogeneous porous microstructures.
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Fig. 9. Typical SEM micrograph of the mullite matrix of a sample
sintered at 1650°C.23

Table IV. Feret Diameters and Aspect Ratios Determined by
Images Analysis

Mullite-native

starch systems Aspect ratio

Maximum Feret

diameter (lm)

Minimum Feret

diameter (lm)

Cassava 1.9 � 0.7 30 � 15 18 � 8
Corn 1.8 � 0.5 27 � 10 16 � 7
Potato 2.0 � 0.7 77 � 35 44 � 20
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