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bstract

n this article, the development and characterization of porous mullite bodies prepared using two novel forming routes with native starches were
tudied with the aim of developing bodies without deformation and with homogeneous porous microstructures. Mullite–starch suspensions specific
or each route were prepared by mixing and characterized by measuring viscosity. Mullite green bodies were fabricated by heating the suspensions
n metallic molds and by burning out the starch, while final porous materials were obtained by sintering at different temperatures. Bodies obtained
efore and after the burning-out process, and sintered disks, were characterized with porosity measurements and microstructural analysis by SEM.
he phases generated after the sintering process were determined by XRD, and pore size distributions were studied by Hg-porosimetry. The

btained results showed that the use of both routes allowed the shaping of homogeneous mullite bodies without causing cracks or deformations
nd the consequent development of controlled porous mullite microstructures.

 2014 Elsevier Ltd. All rights reserved.
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.  Introduction

In recent years, much attention has been focused on porous
eramic materials due to their wide range of technological appli-
ations as thermal insulators, catalyst supports, bioceramics,
lters and combustion burners, among others. These materials
xhibit several specific properties, such as low density, low spe-
ific heat, low thermal conductivity, high surface area and high
ermeability, which are required for such uses. When they are
sed for thermal insulation, the materials have to contain a large
ore volume fraction, namely high porosity. In particular, porous
ullite (3Al2O3·2SiO2) materials are suitable as thermal insula-

ors because of their low thermal conductivity, moderate thermal
xpansion coefficient, good chemical durability, and excellent

1–4
echanical properties at high temperature.
Several processing methods, in particular those based on the

irect consolidation of ceramic suspensions into non-porous
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amics

olds, have been developed with the purpose of preparing
orous ceramics. Among them, a non-contaminating low-cost
onsolidation technique called ‘starch consolidation casting’
SCC) has become one of the most popular processing routes
or porous ceramics.5,6 In this method, the starch is used as a
ody-forming agent of the ceramic suspension when the system
s heated between 50 and 85 ◦C, and as a pore former at high
emperature after burning. When the aqueous ceramic–starch
uspension is heated, the starch granules swell by water absorp-
ion, decreasing the available free water. Thus, the ceramic
articles, usually of smaller size than the starch granules, are
ressed together in the interstitial space to consolidate into a
olid body. After calcination and sintering treatments, a porous
aterial is obtained whose porosity, which is associated with

ighly interconnected open pores, depends on the amount, shape
nd size of the swollen starch granules.

In the first reported investigations concerning this forming
ethod,5,6 the use of native starches as a body-forming agent

as not recommended because highly deformed green bod-

es were obtained. Furthermore, the most satisfactory results
ere achieved when chemically or physically modified starches

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2014.10.011&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
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ere used.5–8 Recently, we have reported8 that the use of
 small amount of cold-water-soluble starches (physically
odified starch whose granules have the ability to instantly swell

n water at room temperature) made the shaping of homogeneous
ullite bodies without cracks or deformations possible along
ith the development of controlled porous microstructures.

n addition, we have studied the feasibility of preparing
igh-quality ceramic green bodies by introducing some other
odifications into the conventional route of processing.9

Due to the problems associated with using native starches to
orm ceramics by direct consolidation, two alternative forming
outes for aqueous mullite–native starch suspensions are studied
n this paper with the aim of developing green bodies without
eformation and with homogeneous porous microstructures.

.  Experimental  description

.1.  Raw  materials

A high-purity commercial mullite powder (MULSM,
aikowski, Charlotte, NC) was used as the ceramic raw
aterial (the alkaline impurity level was less than 0.2 wt%).
xcess alumina with respect to the stoichiometric composi-

ion (Al2O3 = 71.8 wt%, SiO2 = 28.2 wt%) was determined by
nductively coupled plasma atomic emission spectroscopy (ICP-
ES). Mullite 3/2 (JCPDS File 74-2419) as the primary phase,

nd �-alumina (JCPDS File 82-1399), �-alumina (JCPDS File
1-0517), and cristobalite (JCPDS File 77-1317) as secondary
hases, were identified by X-ray diffraction (XRD; X’Pert PRO,
ANalytical, Almelo, the Netherlands; radiation of CuK�  at
0 mA and 40 kV) (pattern diffraction is included in Fig. 3).
n addition, a low-intensity band was also observed in the
one of the more intense diffraction peaks of silica polymorphs
20–30◦2θ), which is associated with noncrystalline silicate
hases. The mullite powder presented a medium crystallinity
hat was associated in part with the presence of narrow- and

edium-height diffraction peaks when compared to the charac-
eristic peaks of diffractograms of highly crystalline commercial

ullite powders.10 The powder density (3.07 g/cm3) measured
y He-pycnometry (Multipycnometer, Quantachrome Instru-
ents, Boynton Beach, FL, USA) was lower than the theoretical

ensities of mullite (3.16 g/cm3), �-Al2O3 (3.98 g/cm3), and
-alumina (3.28 g/cm3) due to the contribution of cristobalite
2.3 g/cm3) and noncrystalline silicate phases (∼2.2 g/cm3).

Considering these results, it could be inferred that the com-
ercial mullite powder comes from a synthesis process in which

he total conversion of the starting mixture (ammonium alum and
ilica) was not achieved.11

The mullite powder presented a bimodal particle size dis-
ribution (Mastersizer S, Malvern Instruments, Malvern, UK)
ith a low mean volume diameter (D50 = 1.5 �m), a high vol-
me percentage (∼30%) of fine particles <1 �m, and contained
gglomerates up to 50 �m in size due to the presence of the

ery fine particles. These results are consistent with the high
alue of the specific surface area (13.5 m2/g) determined by the
ET method (Monosorb, Quantachrome Instruments, Boynton
each, FL, USA). Moreover, it was previously determined9 that

m
a
t
e

pean Ceramic Society 35 (2015) 1021–1030

he mullite powder consists of very small three-dimensional par-
icles, some of them faceted, with equiaxial morphology, as well
s agglomerates of the smallest particles, which is in agreement
ith the granulometric distribution.
Commercial native starches (AVEBE Argentina, Buenos

ires, Argentina) derived from cassava, corn, and potato
Table 1), were also used as raw materials. Real densities
nd total lipid content were determined by He-pycnometry
Multipycnometer, Quantachrome Instruments) and the Soxhlet
xtraction method, respectively. The values obtained for these
arameters were in the range of the values reported for these
ypes of starch.12 Based on the X-ray diffraction peak positions
X’Pert PRO, PANalytical), the cassava and corn starches were
dentified as A-type (15.2, 17.1, 18.0, and 22.9◦2θ), whereas the
otato starch was identified as B-type (5.4, 15.0, 17.2, 21.8, and
4.0◦2θ).

The particle size distributions were analyzed (Mastersizer
, Malvern Instruments) using stabilized aqueous starch sus-
ensions. The three starches presented bimodal granulometric
istributions with a low volume percentage (<5%) of small gran-
les, which can be linked to impurities or broken granules. The
oisture weight percentage was determined by thermogravi-
etric analysis (TGA; TGA-50, Shimadzu, Kyoto, Japan) at

0 ◦C/min up to 700 ◦C, in air. Starch transition temperatures
ere determined by differential scanning calorimetry (DSC;
SC-50, Shimadzu, Kyoto, Japan) at 5 ◦C/min up to 120 ◦C.
he granule morphology analysis of the dry starches was per-

ormed by scanning electron microscopy (SEM; JSM-6460,
EOL, Tokyo, Japan). Potato starch exhibited the largest gran-
les, with smooth surfaces and oval or spherical forms. Corn and
assava starches presented granules with polyhedral form, but
he corn starch granules were the most representative of this type.

.2.  Forming  and  characterization  of  green  bodies

Based on previously selected experimental conditions, aque-
us mullite–starch suspensions (40 vol% total solid loading)
ere prepared by: (a) mixing mullite powder in water to a solid

ontent of 40 vol% and dispersing with 0.45 wt% Dolapix CE-
4 (Zschimmer & Schwarz, Lahnstein, Germany) with respect
o the powder amount; (b) homogenizing in a ball mill for 6 h;
nd (c) adding a volume of aqueous starch suspension (40 vol%)
nd mixing for 5 min to obtain a final starch and mullite content
f 10 vol% and 30 vol%, respectively.

Two novel routes for forming aqueous mullite suspensions
ith native starches, which were proposed as alternative routes

o the conventional route, were designed with the aim of devel-
ping green bodies without deformation and with homogeneous
orous microstructures.

With the “Sub-gelatinization Route” (SGR) (this route was
lso called “Pre-gelling Route”),9 aqueous mullite–starch sus-
ensions were heated at temperatures lower than the onset
emperature of gelatinization for each system (59 ◦C for
ullite–cassava starch and mullite–potato starch suspensions,
nd 64 ◦C for mullite–corn starch suspension). The tempera-
ures used are the maximum possible temperatures at which
ach mullite–starch system can be heated without the formation
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Table 1
Characteristics of the commercial native starches.

Starch ρr (g/cm3) Lipid content (wt%) D50 (�m) Moisture content (wt%) Tp (◦C)

Cassava 1.49 0.99 13.6 11.5 67.5
Corn 1.49 1.63 14.8 10.9 66.8
Potato 1.47 0.37 47.8 14.4 65.0
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r, real density; D50, mean volume diameter; Tp, endothermic peak temperature

f gel throughout its volume. These temperatures, referred to
s “sub-gelatinization temperatures” in this study, were exper-
mentally determined by heating 20 ml of each mullite–starch
uspension on a stirring hot plate equipped with a tempera-
ure sensor (±0.1 ◦C). The heating of the suspension up to the
ub-gelatinization temperature was proposed with the following
bjectives: (a) to cause some granules to reach an incipient state
f gelatinization in order to activate the global gelatinization
rocess at the moment the necessary temperature is reached for
his to occur, and (b) to decrease the required time to achieve

 uniform consolidation temperature throughout the total vol-
me of suspension and, therefore, to minimize not only possible
hermal gradients in the sample (thermal gradients can produce

icrostructural inhomogeneity and defects caused mainly by
ifferential volumetric shrinkage), but also the segregation of
ullite particles and starch granules caused by their very differ-

nt densities and particle sizes.
Based on the above-mentioned premise (to develop porous

reen bodies with homogeneous microstructures, particularly
ith regard to the distribution of raw materials and pores), and
ith the aim of increasing the viscosity of mullite–starch suspen-

ions and, consequently, preventing the segregation of mullite
articles and starch granules, another alternative route desig-
ated as the “Mixing Route” (MR) was also proposed. With
his route, a mixture of ungelatinized native starch and the
ame type of starch previously gelatinized (10 vol% starch in
ater, 80 ◦C for 10 min) was used in order to prepare the aque-
us mullite–starch suspensions. The ratio of gelatinized to total
tarches was 1:10.

The shear flow properties of aqueous mullite–starch suspen-
ions used for each route (SGR and MR) were analyzed by
easuring viscosity (HAAKE RS 50, Thermo Electron, Karl-

ruhe, Germany) using a double-cone/plate sensor configuration
HAAKE DC 60/2◦, Thermo Electron, Karlsruhe, Germany).
low curves were obtained using a three-stage measuring pro-
ram with a linear increase in shear rate from 0 to 1000 s−1 in
00 s, 60 s at 1000 s−1, and further decreasing to zero shear rate
n 300 s.

In both routes, mullite–starch disks before the burning-
ut process (labeled as SGRbb and MRbb) were formed by
ouring the aqueous mullite–starch suspension at room temper-
ture into stainless steel cylindrical molds (diameter = 2.20 cm;
eight = 1.00 cm) covered on the inside with adhesive PTFE
polytetrafluoroethylene, Teflon) tape to facilitate the removal

f the samples and prevent the generation of defects due to defi-
ient wetness, and then heating them in an electric stove (UFP
00, Memmert, Schwabach, Germany) at 80 ◦C for 2 h. Once

T
r
t
1

he consolidation was finished, the samples were taken out of
heir molds and dried at 40 ◦C for 24 h.

The densities (ρ) of the bodies were determined by
mmersion in Hg, and porosities (%P) were calculated from
00·(1 −  ρ/ρp). For SGRbb and MRbb, ρp was the density of
he powdered mixture of mullite and starch determined by He-
ycnometry (Multipycnometer, Quantachrome Instruments).
icrostructural analysis of the green materials was performed

y SEM (JSM-6460, JEOL) on fracture surfaces of the
isks.

.3.  Burning-out  process  and  characterization  of  burned
isks

Burned mullite bodies were obtained by burning out the
tarch at a heating rate of 1 ◦C/min up to 650 ◦C for 2 h in an
lectric furnace with SiC heater elements. The calcining tem-
erature was selected based on the results obtained from TGA
TGA-50, Shimadzu; at 10 ◦C/min up to 700 ◦C, in air) of the
ative starches used as raw materials. This temperature was con-
idered the temperature at which all the organic components
starches and organic additives) were completely removed. Fur-
hermore, to evaluate the effective removal of the starch from
he green compacts by the burning-out process, thermogravi-

etric tests were performed on the mullite–starch (1 ◦C/min up
o 650 ◦C, 2 h) and burned samples (10 ◦C/min up to 700 ◦C).
n all the TGA tests, a very low heating rate (1 ◦C/min) was
sed to minimize the generation of defects in the green bodies
r their rupture during the burnout process due to the evolution
f a high volume of gas (particularly water vapor and carbon
ioxide) caused mainly by the oxidative degradation of the
tarch.

From the TGA tests of starch samples, the following percent
eight losses were determined: 12.7 wt% up to 150 ◦C, which is

ttributed to the removal of the water physically adsorbed onto
he surface of the starch granules; 61.2 wt% between 250 ◦C
nd 350 ◦C and 26.1 wt% in the range 350–550 ◦C, which was
ssociated with the elimination of starch by the thermal and
xidative degradation of the polymeric chains of its structure.
fter 550 ◦C, no additional weight loss was recorded. Therefore,

 temperature of at least 600 ◦C was required to remove the starch
ompletely (no starch residue was found in any case). As for the

GA tests of mullite–starch samples, the percent weight losses

egistered for cassava, corn, and potato starches—assuming
hat all the organic dispersant was completely removed—were
1.9%, 12.9%, and 9.3%, respectively.
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The densities (ρ) of the disks obtained after the burning-out
rocess (SGRab and MRab) were determined by Archimedes
ethod (immersion in Hg), and porosities (%P) were calculated

rom 100·(1 −  ρ/ρp). For these samples, ρp was the pycnometric
ensity value of the as-received mullite powder. The microstruc-
ure of the burned materials was analyzed by SEM (JSM-6460,
EOL) on fracture surfaces.

.4.  Sintering  and  characterization  of  porous  mullite  bodies

The evolution of phases obtained in samples by thermal treat-
ent at different temperatures (1400, 1500 and 1650 ◦C, for

 h) was studied by XRD analysis (X’Pert PRO, PANalytical;
adiation of CuK�  at 40 mA and 40 kV). The different thermal
reatments were carried out in an electric furnace with MoSi2
eater elements (RHF 17/6S, Carbolite, Hope Valley, UK). Sam-
les were heated up to the corresponding maximum temperature
t 5 ◦C/min and subsequently cooled to room temperature at
◦C/min. The weight percentage of �-alumina present in sam-
les treated at the different temperatures was estimated by XRD
nalysis employing the external standard method13 for which a
tandard alumina powder calcined at 1500 ◦C for 2 h was used.
RD patterns between 42.5◦2θ  and 44.5◦2θ  were obtained in

xperimental conditions with the equipment previously men-
ioned. For each sample, the average value of the �-Al2O3 weight
ercentage at each treatment temperature was determined by
easuring the area of the peak located at 43.4◦2θ  (distance

mong crystallographic planes, d  = 2.085 Å) corresponding to
he 113 plane. The diffraction peak selected is the peak of max-
mum intensity of �-Al2O3 (JCPDS File 82-1399).

The maximum sintering temperature (1650 ◦C) and the
mployed time (2 h) were selected in order to achieve high
ensification in the mullite matrix. For this selection, sinter-
ng conditions habitually employed for mullite materials14 and
he reported results of dilatometry tests7 on samples of a com-

ercial mullite powder with physical and chemical properties
purity, mean particle size, composition) similar to those of the
ullite powder used in this study were considered. In addition,

rom the density values measured in disks treated at 1650 ◦C
or 6 h, and assuming that the densification of green bodies is

ttributed to the removal of interstitial pores, a sintering time
onger than that employed (2 h) did not change the degree of

atrix densification (disks sintered at 1650 ◦C for 2 h presented
3% porosity and disks sintered at the same temperature for 6 h

(

o
i

able 2
pparent viscosity at 1000 s−1 (η1000) of aqueous mullite–starch suspensions.

queous suspensions Mullite
content (vol%)

Non-gelatinize
starch content

ullite–cassava 30 10 

ullite–cassava in MR 30 9 

ullite–corn 30 10 

ullite–corn in MR 30 9 

ullite–potato 30 10 

ullite–potato in MR 30 9 
pean Ceramic Society 35 (2015) 1021–1030

chieved 42% porosity). Thus, 2 h at the considered temperatures
ere considered sufficient.
Bulk densities (ρs) and open porosities (%Po) were deter-

ined by the Archimedes method in water, taking into account
n error equal to the Hg-immersion method. Total porosities
%Ps) were calculated from 100·(1 −  ρs/ρps), where ρps was
he density of the powdered sample treated at 1400, 1500 or
650 ◦C for 2 h, determined by He-pycnometry. Closed porosi-
ies (%Pc) were obtained from the difference between %Po and

Ps. The linear and volumetric shrinkage of sintered samples
ere calculated by using disk geometrical dimensions measured
ith a slide caliper (Starrett Company, Athol, MA). The final
icrostructures were analyzed by SEM on the fracture surfaces

f disks. The mean size and morphology of the cavities and the
rains were determined together with the degree of pore connec-
ivity (defined as the open porosity/total porosity ratio). Mercury
orosimetry (AutoPore II 9215; Micromeritics, Aachen,
ermany) was used to determine the pore throat size distribu-

ions in the materials sintered at 1500 and 1650 ◦C for 2 h.

.  Results  and  discussion

.1.  Shear  flow  properties  of  aqueous  mullite–starch
uspensions  used  in  the  SGR  and  MR

The flow properties of aqueous mullite–starch suspensions
sed in the SGR, measured at 59 ◦C when cassava and potato
tarches were used and at 64 ◦C in the case of corn starch,
s well as the flow properties of the suspensions used in the
R, measured at room temperature, were evaluated. Rheologi-

al testing thus determined that, in the first case, the viscosity of
he suspensions did not increase with respect to the viscosity of
hose prepared at room temperature. This result can be explained
onsidering that only some of the granules of each system were
elatinized at the corresponding temperatures used; in conse-
uence, the formation of a three-dimensional gel structure did
ot occur in either system. However, when a small amount of
on-gelatinized native starch was replaced by the same type of
tarch previously gelatinized (aqueous mullite–starch suspen-
ions used to shape green disks by MR), the apparent viscosity
η1000) notably increased by at least six times in every case

Table 2).

Moreover, the viscosity values obtained were in the range
f the values reported for systems that use a chemically mod-
fied starch (TRECOMEX AET1), as reported by Barea et al.

d
 (vol%)

Gelatinized starch
content (vol%)

η1000 (mPa s)

0 21
1 156
0 19
1 116
0 16
1 183
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Fig. 1. SEM micrographs of the fracture

he presence of the three-dimensional structure of starch gel
nd its water uptake capacity are the factors that could explain
he increase recorded in the viscosity. Thus, the higher vis-
osity presented by the mullite–potato starch suspension with
elatinized starch could be related to the greater water uptake
apacity shown by this starch. It is well known that the water-
etention capacity depends on the concentration of and structure
ormed by the amylose and amylopectin molecules in the gel,
he degree and length of their branches, and the presence of
ther components, such as lipids and phosphate groups,15,16 and
herefore of the type of starch. In this work, the water-retention
apacity (WRC), calculated as the ratio of the mass of water
n the gel and the initial mass of the starch, was determined
sing a modification of the methods reported by Bryant and
amaker.17 For the WRC measurements of each starch, 1 g of

ample and 10 ml of water were placed in a centrifuge tube.
he tubes were heated and stirred for 10 min in water bath at
0 ◦C. They were then cooled to room temperature and cen-
rifuged at 1000 ×  g for 15 min, and the supernatant liquid was
emoved and weighed. Finally, the mass of water in the gel
as calculated by subtracting the initial mass of water from

he mass of the supernatant liquid. The gels developed in these
onditions were shown to have the following values for WRC:
.7 for cassava starch, 5.4 for corn starch, and 7.9 for potato
tarch.

.2.  Characterization  of  green  and  burned  bodies

Disks obtained before the burning-out process (SGRbb and
Rbb) achieved a mean diameter of 2.17 ±  0.01 cm, a height

f 0.55 ±  0.05 cm and shrinkage of 1.3% in diameter and 8.3%
n height. Mullite disks obtained after calcination (SGRab and
Rab) maintained the mentioned dimensions without displaying
racks or deformations.

High porosities were achieved in all the green materials. The
ype of forming route and starch used did not lead to significant

a
m

ce of SGRbb (top) and SGRab (bottom).

ifferences in porosity values for any disk obtained before the
urning-out process (%Pbb = 56 ±  2). For all obtained materi-
ls, the porosity of disks notably increased after the burning-out
rocess (%Pab = 69 ±  1). These values turned out to be consis-
ent with those calculated (∼69%) assuming that the totality of
he added starch was removed during this process. This result
ould indicate that there was no segregation of starch granules

nd mullite particles.
Typical SEM images of the fracture surfaces of materials

repared by both consolidation routes, before and after the
urning-out process, are shown in Figs. 1 and 2.

In the images corresponding to SGRbb and MRbb, a homo-
eneous distribution of raw materials can be observed, which
onfirms that there was no segregation in any case. In all the
aterials (Figs. 1 and 2), similar porosities can be seen, which

s in agreement with the porosity values determined by density
easurements. The porosity of SGRbb and MRbb was associated
ith highly tortuous cavities throughout the entire thickness of

he disks, which hindered the accurate measurement of their
ize. However, it can be observed that in every sample, the cav-
ty sizes correspond to those of the dry starch granules or those
ith a certain degree of swelling.
On the other hand, in every green microstructure, except

or the fracture surface of the disk prepared by the Mixing
oute using potato starch, granules with integrity were not
bserved. This result can be associated with an advanced gela-
inization process occurring that consequently encouraged the
oss of granular integrity. However, in the microstructure of the

aterial obtained with the potato starch (Fig. 2), granules that
reserved their integrity were observed. The high water uptake
apacity of the potato starch decreased the available water vol-
me, and in consequence, prevented the gelatinization of all the
After the burning-out process, the porosity of all the materi-
ls (SGRab and MRab) (Figs. 1 and 2) notably increased while
aintaining the tortuous morphology of the cavities.
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Fig. 2. SEM micrographs of the fractur

.3.  Sintering  and  characterization  of  porous  mullite  bodies

XRD patterns of commercial mullite powder, together with
hose of powdered samples treated at 1400, 1500 and 1650 ◦C
or 2 h, are shown in Fig. 3.

Fig. 4 shows the XRD patterns used to determine the weight
ercentage of �-alumina presents in the commercial mullite
owder and in the samples treated at each temperature employ-
ng the external standard method.

As previously mentioned, the presence of �-alumina—which
s a metastable phase—and the medium crystallinity of the
s-received mullite powder enable us to conclude that the com-
ercial mullite comes from an incomplete synthesis process.
Based on the XRD pattern of the sample treated at 1400 ◦C,
he mullite peaks were narrower and higher than those cor-
esponding to the as-received mullite powder. Moreover, the
eaks corresponding to �-alumina were not detected, and the
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ntensity of �-alumina peaks increased (Fig. 3), which is in
greement with the results obtained by quantitative analysis;
he amount of �-alumina increased from 5.6% to 20.3%. Both
esults indicate the transformation of �-alumina to the ther-
odynamically stable phase (�-alumina). A small degree of
ullitization due to a reaction between some of the sources of
l2O3 and SiO2 cannot be ruled out. In addition, the diffraction
eak at 21.8◦2θ  corresponding to the main peak of the cristo-
alite phase increased in intensity and was narrower than the
eak present in the pattern of the original sample, while the band
ssigned to the non-crystalline siliceous phases decreased. These
esults can be associated with an increase of the crystallinity
f the phases, although the transformation of non-crystalline
iliceous phases to cristobalite cannot be ruled out. Moreover, the
ncrease in pycnometric density registered in the material treated
t 1400 ◦C (3.16 g/cm3) with respect to the original mullite pow-

er (3.07 g/cm3) is evidence of the transformation of �-alumina
ρ = 3.28 g/cm3) to �-Al2O3 (ρ = 3.98 g/cm3) and even the mul-
ite formation (ρ  = 3.16 g/cm3).
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ig. 4. XRD patterns of �-alumina powder used as an external standard, com-
ercial mullite powder and mullite powdered samples treated at different

emperatures.
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Table 3
Total (%Ps), open (%Po) and closed (%Pc) porosity values, degree of pore connectivity, and linear and volumetric shrinkage of sintered disks.

Forming route Starting system Temp. (◦C) %Ps %Po %Pc Pore connectivity
degree

Linear shrinkage (%) Volumetric shrinkage (%)

SGR Mullite–cassava 1400 63 62 0.7 0.98 3.2 ± 0.3 9.5 ± 0.5
1500 56 55 1.0 0.98 8.1 ± 0.1 22.4 ± 0.2
1650 44 42 2.0 0.95 16.1 ± 0.6 40.5 ± 0.9

Mullite–corn 1400 63 62 1.1 0.98 2.2 ± 0.1 6.6 ± 0.2
1500 55 53 1.9 0.96 7.8 ± 0.1 21.6 ± 0.2
1650 43 39 3.6 0.91 16.9 ± 0.2 40.5 ± 0.3

Mullite–potato 1400 62 60 1.5 0.97 2.8 ± 0.3 8.4 ± 0.5
1500 54 52 1.9 0.96 8.1 ± 0.1 22.3 ± 0.2
1650 43 38 4.7 0.88 16.9 ± 0.8 43 ± 1

MR Mullite–cassava 1400 63 62 0.7 0.98 3.4 ± 0.6 9.6 ± 0.9
1500 55 54 1.2 0.98 8.1 ± 0.4 22.2 ± 0.6
1650 42 40 2.4 0.95 15.6 ± 0.8 41 ± 1

Mullite–corn 1400 61 60 0.8 0.98 3.5 ± 0.3 9.9 ± 0.5
1500 53 51 1.8 0.96 8.3 ± 0.1 23.0 ± 0.2
1650 39 35 4.2 0.90 16.1 ± 0.2 42.8 ± 0.3

Mullite–potato 1400 64 63 1.1 0.98 3.3 ± 0.4 8.3 ± 0.6
1500 55 53 2.4 0.96 8.2 ± 0.2 22.8 ± 0.3
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At 1500 ◦C, mullite diffraction peaks were even more intense,
hile the intensity of �-Al2O3, the cristobalite peaks and

he band assigned to non-crystalline phases decreased. The
eight percentage of �-Al2O3 in the sample treated at this

emperature was 12.8%. Thus, the results indicate a certain
egree of reaction between �-Al2O3 and the SiO2 sources to
ive mullite. In this case, the pycnometric density of the treated
owder at 1500 ◦C (ρ  = 3.15 g/cm3) was similar to the value
etermined for the powder treated at 1400 ◦C.

At 1650 ◦C, only the characteristic mullite diffraction peaks
ith intensities much higher than those of the peaks present

n the sample treated at 1500 ◦C were observed. A complete
ullitization reaction at 1650 ◦C was assumed to have occurred

the density of the powder treated at 1650 ◦C was 3.11 g/cm3).
Total, open and closed porosity values, together with the

egree of pore connectivity and shrinkage values of mullite disks
btained after sintering, are given in Table 3.

The total porosity values of disks consolidated by both
outes were similar for all the starches used, and decreased
hen the treatment temperature increased (61–64% at 1400 ◦C,
3–56% at 1500 ◦C, and 39–44% at 1650 ◦C). In addition,
he open porosity decreased when the temperature increased
60–63% at 1400 ◦C, 51–55% at 1500 ◦C, and 35–42% at
650 ◦C), with the consequent increase of the closed porosity
0.7–1.5% at 1400 ◦C, 1.0–2.4% at 1500 ◦C, and 2.0–5.2%
t 1650 ◦C), which is in agreement with the classic theory of
intering in which interstitial concave pores forming an open
etwork are closed in the last steps of the sintering process.
or both the linear and volumetric shrinkage of mullite disks,

he obtained values were in the range of those reported for
odies consolidated by the conventional route with a waxy corn
tarch.18,19 As for the degree of connectivity, the ranking for

amples obtained at 1650 ◦C with the different starting systems
as mullite–cassava > mullite–corn > mullite–potato starches.
his order could be related to the characteristics of the green

t
e

0.87 16.5 ± 0.6 41.8 ± 0.9

icrostructures derived from the gel formation process. During
his process, a mixture is formed of swollen granules and
ranule fragments immersed in a colloidal dispersion of starch
omponents (i.e. the gel) with characteristics dependent on the
otanical source of the starch. Thus, this three-dimensional
el, which includes a varying amount of ceramic particles
epending on the starch type, gives rise to structures with
ifferent degrees of interconnection.

The obtained porosity values were in the range of those
eported for porous mullite materials prepared by the conven-
ional route with a similar percentage of modified starch.7 It is
ell-known that total porosities achieved in the materials pre-
ared by SCC do not correspond directly to the nominal starch
ontent in the suspension, but they are significantly higher due
o the swelling experienced by the starch granules during the
hermal consolidation process. However, despite the fact that
welling capacity depends on the starch type, the total poros-
ty of the disks did not significantly vary with the native starch
ype, which is the same as what occurred in the green bodies
nd which is in agreement with what happens with constrained
welling due to steric effects (excluded volume effect).

Taking into account that the sintering temperature is the main
actor determining the matrix porosity and that large pores (big-
er than the grain size) embedded in a ceramic matrix with
mall pores does not significantly contribute to the shrinkage
f the body, the recorded shrinkage in all the mullite disks was
ssumed to correspond essentially to the matrix. Based on the
inear and volumetric shrinkage percentages, which were similar
or the three native starches, and assuming that this shrinkage
ccurs only in the ceramic matrix, it can be inferred that the
acking density of the mullite particles in every green body is
pproximately the same.
Materials obtained at 1400 ◦C, regardless of the consolida-
ion route and starch type used, presented microstructures with
levated porosity and scarce development of solid necks into



1028 M.H. Talou, M.A. Camerucci / Journal of the European Ceramic Society 35 (2015) 1021–1030

Fig. 5. SEM micrographs of fracture surfaces of the disks formed by SGR, after sintering at 1650 ◦C.

Fig. 6. SEM micrographs of fracture surfaces of the disks formed by MR, after sintering at 1650 ◦C.

ies developed in the materials at 1650 ◦C.
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Fig. 7. SEM images of typical cavit

he matrix, which indicates a low cohesion of particles and a
ow degree of sintering. At 1500 ◦C, the sintering of the mul-
ite matrix increased considerably by decreasing its porosity
nd forming solid necks. For both temperatures, the porosity
as associated with the presence of large cavities whose size
epended on the starch type used (10–20 �m for materials pre-
ared with native starches of cassava and corn, and 30–70 �m for
hose prepared with potato starch), and much smaller interstitial
ores in the ceramic matrix.

Typical SEM images of materials sintered at 1650 ◦C and
repared with the three starches using SGR and MR are shown
n Figs. 5 and 6, respectively. In Fig. 7, SEM images with a
igher magnification of the typical cavities developed with each
tarch are shown.

Large convex cavities (cells) embedded in the mullite matrix
ere created by the removal of native starch granules, and much

maller pore channels or throats (cell windows) interconnect-

ng these cavities were developed after the sintering treatment.
s what occurred at the other temperatures, at 1650 ◦C, cav-

ty size was mainly determined by the native starch type and
Fig. 8. Typical SEM micrograph of the mullite matrix of a disk sintered at
1650 ◦C.
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Fig. 9. Pore size distributions obtained by Hg-poro

as related to dry starch granule sizes or those having suffered
ome degree of swelling. The mean cavity sizes were similar
o those determined in the materials sintered at 1500 ◦C. Larger
avities generated by the joining of various cavities were also
bserved. In the material prepared with potato starch by both
outes, cavities with a shell and circumferential cracks in the
avity/matrix interface were observed by SEM, as reported in
revious research.8

The mullite matrix (Fig. 8) displayed a high degree of densifi-
ation furthered by the presence of phases based on silicates with
ow melting points. It is constituted of submicronic grains (some
f which were generated by the mullitization reaction at high
emperature), mainly equiaxial (∼0.5 �m), together with other
lightly larger grains with an elongated morphology (maximum
ength and width of 2 �m and 0.8 �m, respectively, and “aspect
atio” < 2.5) whose development is related to their growth in the
resence of the liquid phase.

For sintering temperatures of 1500 and 1650 ◦C, the pore
izes measured in all the materials by mercury porosimetry
Fig. 9) were much lower than the cavity sizes determined by
EM, as was expected based on the characteristics of the devel-
ped pores: large cavities interconnected by pore channels or
hroats of much lower size. This result can be attributed to the
bottle neck” effect that occurs when the mercury accesses a
arge cavity through a narrow channel. In this manner, the pore
iameters determined by mercury porosimetry corresponded to
he pore throat diameters. According to these results, the pore
hroat size distributions for the materials prepared with each of
he starches were similar so that again, there was no dependence
n the forming route used.

The porous materials sintered at 1500 ◦C exhibited bimodal
ore size distributions due to the partial densification of the
atrix in these materials. In this case, there are two different

opulations, one of which corresponds to the interconnections
etween cavities (cell windows), and the other to the much
maller interstitial open pores. For the first distribution,
he determined pore sizes were the following: 3.7–5.8 �m,
.3–4.6 �m and 3.0–6.4 �m, for the materials prepared with
assava, corn and potato starches, respectively. Thus, the pore
hroat diameters varied slightly with the starch type used:
aterials prepared with potato starch presented diameters
lightly larger than those determined for the materials obtained
ith cassava starch, and even more so compared with those

p
1
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er. Lines: gray for 1500 ◦C and black for 1650 ◦C.

enerated in the materials consolidated with corn starch. For the
aterials prepared with potato starch as those with corn starch,

he corresponding interval of sizes was equally greater than that
etermined for the material obtained with cassava starch. On
he other hand, the interstitial pore sizes were similar in every

aterial: 0.09–0.15 �m, 0.09–0.16 �m and 0.09–0.18 �m, for
he materials prepared with cassava, corn and potato starches,
espectively. Results reported by other authors for materials pre-
ared by the conventional route (SCC)19 indicate that the sizes
or both populations of pores did not depend on the starch type
sed.

In the pore size distributions corresponding to the materials
intered at 1650 ◦C, the population assigned to the pores of the
eramic matrix was not observed, which is in agreement with
he fact that the matrix achieved a high densification degree at
his temperature. The pore throat diameters for the materials
repared with cassava, corn, and potato starches and treated at
500 and 1650 ◦C were in the ranges 3.3–5.4 �m, 1.8–4.9 �m,
nd 3.6–6.3 �m, respectively, which indicates that the temper-
ture did not significantly modify the range of sizes; only in
ome cases were the distributions slightly narrower, while in
ther cases they did not change their amplitude.

.  Conclusions

Highly porous mullite green bodies without cracks or defor-
ation and with homogeneous microstructures were formed by

sing the proposed processing routes. In this way, the segrega-
ion of starch granules and mullite particles, previously observed
n bodies formed by the conventional route, was prevented, and

 homogeneous distribution of raw materials was achieved in
ach green material.

From the study of the evolution of the material as a function
f temperature, it was determined that the transformation of �-
lumina to �-alumina occurred at 1400 ◦C as well as a certain
mount of reaction between �-Al2O3 and the SiO2 sources to
ive mullite at 1500 ◦C, although a small degree of mullitization
ue to the reaction between some of the sources of Al2O3 and
iO2 could have already occurred at lower temperature. Com-

lete mullitization was also determined to have taken place at
650 ◦C.

A high total porosity was developed in all materials sintered
t the highest temperatures used (i.e. 1500 and 1650 ◦C). Similar
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orosity values were obtained at each temperature independently
f the starch type used. This porosity was always associated
ith large highly interconnected non-spherical cavities, whose

izes depended on the starch type, and much smaller size pore
hroats interconnecting these cavities. In particular, the materi-
ls treated at 1500 ◦C showed interstitial open pores, whereas
he population assigned to these pores was not determined in
hose materials sintered at 1650 ◦C, indicating that a high degree
f densification of the matrix occurred, which was furthered
y the presence of phases based on silicates with low melting
oints. In all materials sintered at 1650 ◦C, the matrix was con-
tituted of submicronic mullite grains with a mainly equiaxial
nd elongated morphology.
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