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bstract

he influence of starch content and sintering temperature on the preparation of alumina bodies were studied. The process was water-based and
assava starch was used as consolidator, binder and pore former. Colloidal suspensions were prepared with three different starch concentrations
nd the ideal dispersant content and gel point were determined by rheological analysis. The wet samples were demolded after consolidation in
ilicone mold at 60 ◦C for 2 h. After the drying step the samples were sintered at 1200, 1400 and 1600 ◦C, showing open porosities between 13

nd 55%, depending on the starch content on the precursor suspensions and sintering temperature. The pore structures were analyzed by SEM
scanning electron microscopy) and Hg porosimetry. Basically, the pore structures are dominated by large spherically shaped pores left by the
tarch particles, which are connected through small pore channels.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Slurry-based process materials have been employed exten-
ively in various types of materials generating techniques such
s tape casting,1,2 three-dimensional printing,3,4 slip casting,5

nd dip coating.6 Alcohols, ketones, hydrocarbons, and other
rganic solvents of low boiling points have been used in such
rocess,7 but due to their toxicity and inflammability, they
re considered environmentally hazardous. Therefore, materials
rocessing industries are replacing organic solvents for others
ith lower environmental impact.8 Since the use of water-based

olvents for the preparation of materials with very small thick-
ess is already known, the use of such solvent for the preparation
f thicker materials has attracted great interest.9 The chemical,
hysical and mechanical properties of a green compact, such

s stability, appropriate viscosity of precursor powder suspen-
ion and sufficient green strength, are determinant for a high
uality thick-processed material. To achieve that result, many
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ethods have been studied to produce homogeneous microstruc-
ured green bodies with these properties.10 One of the most
romising methods is the colloidal system, which uses a suspen-
ion obtained by dissolving a ceramic powder in an appropriate
olvent. The long-term stability of a suspension is due to the
epulsive forces acting among the surface charged particles.11,12

everal powder materials have been studied to be used in water-
ased slurries, such as: Al2O3,11–14 Y2O3-stabilized ZrO2,15–18

nd cordierite.10,19 In the past decade, water-based colloidal
inders, such as: latexes,11 cellulose ether,8 polyvinyl alcohol
PVA),18 albumin20,21 and maltodextrin22 have been investi-
ated, aiming to produce green bodies with adequate properties.
y controlling the rheological properties of the suspensions,
btained by adjusting the deflocculating content, the use of these
inders was found feasible for ceramic consolidation.23

The preparation of porous materials with starch is a
irect consolidation technique, based on starch properties
f gelling in warm water, which allows its use as con-

olidator and pore producer.24,25 This technique allows a
ood porosity control of the developed product, because the
ores will be formed in the initial places of the starch
rains, considering its expansion in the aqueous medium.

mailto:gilmar@ita.br
dx.doi.org/10.1016/j.jeurceramsoc.2008.10.006
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Table 1
Chemical composition of the colloidal suspensions.

Sample (code) Starch
(vol.%)

Alumina
(vol.%)

Dispersant
(vol.%)

Water
(vol.%)

CS-10S + 30A 10 30 0.6 59.4
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everal works have been made with this technique, using
ifferent ceramics precursors such as, alumina,21,22,24 alumina-
ungsten metal–ceramic system,9 silica,26 alumina-silicate
ber,27 glass-reinforced hydroxyapatite,28 calcium carbonate,25

ttria-stabilized zirconia,29 mullite,30 cordierite,31 among oth-
rs. These works demonstrated the ability to obtain porous
odies with complex shape, controllable microstructure, by
sing initial suspensions with different solids loading and starch
ypes, which can be molded to several applications. Since pore
tructure is determined by the type of starch used, ceramic bodies
ith distinct porous morphology can be prepared by using starch

rom different sources. The most common examples are: rice,32

otato21,24 and corn.9,29 Among these, potato starch exhibits the
argest and most anisometric granules, while rice starch is the
mallest and more isometric.32

The use of cassava starch as binder and pore producer is not
ell known as the others mentioned above. In the literature, a
ery recent work reports the use of this starch type to prepare
ilica bodies with tri-modal pore structure by using two con-
olidation techniques, starch and foaming.26 The widespread
mploying of cassava starch can be of great interest, especially
n Brazil, due to its low cost and availability, which justifies
he efforts to make it a feasible raw material for ceramic parts
roduction.

In this paper, cassava starch was used as water soluble
inder for consolidating alumina bodies with different densities
nd porosities. Rheological studies were used to determine the
xperimental conditions for slurry preparation, such as: starch
oncentration, gelatinization conditions and dispersant content.
intered alumina was obtained at 1200, 1400 and 1600 ◦C, and

t was observed that the density and the porosity of the result-
ng material are dependent on starch concentration and sintering
emperature.

. Experimental

.1. Raw materials and preparation of suspensions

Ceramic bodies were made with aluminum oxide (Al2O3) and
ommercial cassava starch. The characteristics of the powder
recursors are as follows:

1) Al2O3 (Alcoa Chemicals, A-1000): density = 3.89 g/cm3;
surface area = 8.9 m2/g; average particle size = 0.45 �m. The
characteristics are from supplier’s catalog;

2) Cassava starch (from food industry): density = 1.55 g/cm3,
determined by helium picnometry; bimodal particle size dis-
tribution with average values between 1.5 and 18 �m, as
determined by laser diffraction method.

The colloidal suspensions were stabilized using ammonium
olyacrilate dispersant (Disperlan LA) in bi-distilled water. Alu-
ina and starch powders were sieved at # 42 mesh and added
o bi-distilled water with dispersant. The suspensions were
illed in a Fritsch Pulverisette equipment model 05.201, plan-

tary type, for 15 min. The resultant mixture was agitated in an
ltrasonic bath for 10 min at 40 ◦C. Four different colloidal sus-

s
f
a
u

S-15S + 30A 15 30 0.6 54.4
S-20S + 30A 20 30 0.6 49.4

ensions were prepared and their compositions and labels are
hown in Table 1.

.2. Dynamic viscosity and viscoelasticity measurements

Rotational viscosity measurements were performed to deter-
ine the more adequate dispersant concentration of colloidal

uspensions. The viscosimeter used was a Brookfield LV Spindle
et viscometer, at 30 rpm and shaft number 2. The temper-
ture and time used in the gelling step of the suspensions
ere determined by rheological measurements, using an oscilla-

ory rheometer from Rheometric Scientific model SR5, parallel
lates, with gap of 1.00 mm, frequency of 1 rad/s and pressure of
00 Pa. The real part of the viscosity, η′, is the apparent dynamic
iscosity and the imaginary part of the viscosity, η′′, is the mea-
ure of the elasticity. The linear viscoelastic properties, namely
he complex viscosity η* is defined as η* = η′ − iη′′. The storage

odulus, G′, and loss modulus, G′′, are measures of the elastic
nd viscous properties of a system, respectively. They are the real
nd imaginary components of the complex modulus, G*, where
* = G′ + iG′′. In this work, the gel time and gel temperature
ere obtained tracing a tangent to the evolution of the modulus
f complex viscosity (|η*|) curve, which was determined by the
ollowing equation:

η∗| = [(η′)2 + (η′′)2]
1/2

.

.3. Preparation of samples

The colloidal suspensions prepared with the chosen disper-
ant concentration were poured into a silicone mold, covered
ith a PVC plastic film and put into an oven for 2 h at 60 ◦C

or the gelatinization process. After the gelling step the sam-
les were dried for 24 h at room temperature, then they were
nmolded and returned to oven, firstly at 60 ◦C for 12 h and then
t 110 ◦C for 24 h. These samples, in the “green” state, were
hermally analyzed using a TGA PerkinElmer-7 in synthetic air
tmosphere at a flow rate of 20 mL/min and a heating rate of
0 ◦C/min from room temperature until 900 ◦C. Based on the
hermogravimetric information, a thermal cycle of 5 set-point
emperatures was made to control the burn out of the organic

aterials in a muffle furnace under air environment. Thus, cal-
ination and pre-sintering of the samples were done at the same
ime, according to a determined thermal cycle with the following

teps: (1) from room temperature up to 200 ◦C, at 3 ◦C/min; (2)
rom 200 up to 300 ◦C, at 1 ◦C/min; (3) from 300 up to 400 ◦C,
t 1 ◦C/min; (4) from 400 up to 500 ◦C at 1 ◦C/min; (5) from 500
p to 1000 ◦C at 3 ◦C/min. The holding time between steps was
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5 min while in the last, time was increased in 60 min. After this
rocess, the samples were sintered at 1200, 1400 and 1600 ◦C, at
◦C/min for 120 min in a NABER electric furnace. The dimen-

ions of the sintered and green samples were compared and the
inear shrinkage was determined.

.4. Morphology evaluation of the starch gelatinization
ehavior

A suspension containing 5 vol.% of starch in distilled
ater was observed by polarized light optical microscopy

LEICA–model DMLS) coupled with a heating plate (Linkam)
rom room temperature until 60 ◦C at a heating rate of 3 ◦C/min.
cquisition of real-time images and analysis of the grain

welling was performed by using the “UTHSCSA Image Tool
.0” with the routine package “Image Processing Toolkit 4.0”
Reindeer Games INC.).

.5. Porosity characterization

Microstructural analysis of the sintered samples was con-
ucted by using a Scanning Electronic Microscopy, LEO model
34Vpi. The water absorption, relative density and apparent
orosity of these samples were determined using ASTM C20-87
ormative33 and the pore size was measured by an Hg porosime-
ry (Quantachrome, model Autoscan 33).

. Results and discussion

.1. Dispersant concentration

Fig. 1 shows the viscosity behavior of the colloidal sus-
ensions in function of the dispersant concentration. The
xperimental data was fitted with an exponential decay equa-

ion, which shows that the viscosity of the colloidal suspension
ecreases exponentially with the increase of the dispersant
oncentration, reaching an approximate constant value for con-
entrations above 0.60% (v/v). Therefore, this dispersant amount

ig. 1. Evolution of colloidal suspension viscosity as a function of dispersant
oncentration.
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ig. 2. Modulus of complex viscosity of CS-10S + 30A, CS-15S + 30A and CS-
0S + 30A colloidal suspensions at 45, 50, 55 and 60 ◦C.

as considered adequate, since small variations do not change
ignificantly the viscosity of the suspension. Subsequently,
xperimental tests showed that all the others colloidal suspen-
ions prepared with this dispersant concentration were stable for
ong periods, allowing them to be handled in all experimental
teps.

.2. Gelatinization behavior of colloidal suspension

The gel point transition can be used to determine the exper-
mental conditions for a colloidal suspension to undergo the
ol–gel transition. In this work the gel point was determined by
he analyses of isothermal curves of complex viscosity. Fig. 2
hows the evolution of the complex viscosity with time of the
olloidal suspensions CS-10S + 30A (Fig. 2a), CS-15S + 30A
Fig. 2b) and CS-20S + 30A (Fig. 2c), at four isothermal condi-
ions, 45, 50, 55 and 60 ◦C. The sol to gel transition is clearly
hown by the abrupt change in the viscosity behavior. Fig. 2
lso indicates that the conditions for the sol to gel transition are
etermined by the starch concentration, temperature and heating
eriod. Generally, for a specific temperature, the gelatinization
ime is inversely proportional to the starch concentration, and
or a given starch concentration in the colloidal suspension, the

elatinization time is also inversely proportional to the heating
emperature.

Therefore, once the heating temperature is chosen for each
f the three different colloidal suspensions, the minimum period
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Table 2
Gelatinization time for several isothermals.

Temperature (◦C)
Isothermal

Gelation time (s)
CS-10S + 30A

Gelation time (s)
CS-15S + 30A

Gelation time (s)
CS-20S + 30A

45 821 789 559
50 604 362 279
5
6
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5 164 107 88
0 100 69 62

o obtain the gels is determined from its corresponding curve in
ig. 2. Table 2 shows the minimum gelatinization time for each

sothermal and colloidal suspension. It can be seen that the vis-
osity behavior changes abruptly for all isothermal conditions,
ut faster for temperatures above 55 ◦C. It is reported that at
emperatures near 60 ◦C, a breakage of the hydrogen bonding
rom amylose and amylopectin molecules from starch occurs,
llowing the surrounding water to be absorbed by the chains at a
igh rate.34 The consequent swelling of the starch grains induces
he gel formation, thus increasing the suspension viscosity.

This rheological behavior can be better visualized in
ig. 3a–d, where the polarized light optical micrographs (taken
t 45, 50, 55 and 60 ◦C, respectively) show the changing of

he characteristic starch grain birefringence with temperatures
bove 55 ◦C. The sample heated at 45 and 50 ◦C (Fig. 3a and b,
espectively) show that the particles grain size does not vary at
hese temperatures (in the absence of holding times) and have a

t
a
a
m

Fig. 3. Micrographs of starch grains in water at following
Ceramic Society 29 (2009) 1587–1594

early spherical morphology. Though, a noticeable change can
e observed when Fig. 3b and c are compared. This change is
elated to the appearance of some particles approximately two
imes larger than the original ones, thus providing a clear indica-
ion that the gelatinization process is starting. Also, it is evident
hat the starch globules do not grow at the same rate, since a
onsiderable faster growth of particles of larger size is visi-
le. This statistical starch swelling behavior was also noticed by
ýnová and co-workers.35 They performed viscometric and real-

ime microscopic studies of potato starch in aqueous suspension
eated up to 56 ◦C. The particles observed at 60 ◦C (Fig. 3d) are
igger than those at 55 ◦C (Fig. 3c), but the noticeable observa-
ion is the quantity of swelled particles, hence indicating that at
his temperature the gelatinization rate is higher than at 55 ◦C.
he time range in which the gel transition occurs for all suspen-
ions at 60 ◦C is between 62 and 100 s, for the highest starch
ontent suspension (CS-20S + 30A, Fig. 2c) and the lowest one
CS-10S + 30A, Fig. 2a), respectively (Table 2). Surprisingly,
nd in the same way, an increment of the viscosity also occurs
or lower temperatures (45 and 50 ◦C), between 279 s for the
ighest starch content and 821 for the lowest one. Although the
icrographs on Fig. 3a and b do not show any swelling effect at

hese temperatures (45 and 50 ◦C, respectively), at no holding

ime condition, such increment on the viscosity behavior can be
consequence of mechanical/thermal activation during milling,
nd also a result of the dynamic friction caused by the oscillatory
ovement at constant pressure of the parallel plates rheometer.

temperatures: (a) 45; (b) 50; (c) 55 and (d) 60 ◦C.
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ig. 4. TGA and DTG curves for cassava starch in synthetic air atmosphere.

herefore, it is supposed here that these events may activate the
lucose chains breakage, allowing the swelling of the grains at
uch low temperatures. However, systematic studies need to be
one in order to better clarify the individual contributions of
ach event to the earlier swelling of the grains. Nevertheless,
his earlier gelatinization can be feasible, since tapioca starch
that is derived from cassava root) has the lowest temperature of
elatinization in excess of water (49 ◦C) among potato, wheat,
orn and rice starches.32

According to this behavior, when the starch grains swell, the
eramic particles around them becomes highly compacted by
ater drainage from the slurry, forcing the particles to stick

ogether and, as a result, consolidating the suspension into a rigid
ody.24 A tridimensional network including the volume occu-
ied by the starch, water and immobilized alumina particles are
hus formed36,37 The time spent in the suspension gelatinization
rocess (consolidation step) should be minimized to avoid par-
icles segregation and, consequently, the lack of homogeneity of
he green bodies. For the consolidation of green bodies, the same
ime and temperature for the gelation of the three colloidal sus-
ensions were used. The shorter periods of gelation time were
btained at 60 ◦C; among these, CS-10S + 30A colloidal suspen-
ion showed the longest gelation time. Therefore, the gelation
onditions for all colloidal suspensions were based on the rheo-
ogical measurements performed for the CS-10S + 30A colloidal
uspension at 60 ◦C. In accordance with Table 2, this condition
s: 60 ◦C and 100 s.

.3. Thermal decomposition of cassava starch

Thermogravimetric analysis (TGA) was performed on green
amples in order to analyze the breakdown that amylose and
mylopectin undergo when subjected to high temperatures.
hermogravimetric (TG) and derivative thermogravimetric
urves (DTG) are shown in Fig. 4. They show that starch starts
egrading at about 250 ◦C and continues to loose weight up to
00 ◦C. It can be observed that the weight loss occurs by a two

tep degradation process. The first one begins at around 190 ◦C
nd finishes at 355 ◦C, which corresponds to the complete break-
own of starch; the second one starts at around 360 ◦C and ends
t 580 ◦C, and it is attributed to the oxidation of partially decom-

t
(
t
F

ig. 5. Some examples of sintered alumina bodies obtained from starch consol-
dation technique.

osed starch.25 The first one begins at around 190 ◦C and finishes
t 355 ◦C and the second one starts at around 360 ◦C and ends
t 580 ◦C. The degradation of corn starch was investigated by
ggarwal38 under air and nitrogen atmospheres. He observed

hat the degradation process occurs by one step under nitrogen
tmosphere and by two steps under air atmosphere. For the two
ypes of experiments the first step start at approximately 250 ◦C
nd the second one starts at around 360 ◦C. As corn and cassava
tarches are very similar, the Aggarwal conclusions could be
xtended to the thermal studies of cassava starch. Therefore, the
rst thermal event observed during the cassava starch decom-
osition could be attributed to the starch complete breakdown,
nd the second one could be related to the oxidation of partially
ecomposed starch.

.4. Sintered samples properties

Sintering was performed without significant anisotropic
hrinkage, which indicates the good homogeneity of the materi-
ls. Fig. 5 shows some examples of various sintered components,
llustrating the high versatility in shape and size that can be
btained by using this technique.

Table 3 shows the results (average values of four samples
f each batch) of the relative density (ρ), linear shrink-
ge (RL), water absorption (Aw) and apparent porosity (P),
etermined for the sintered bodies at different starch concen-
ration and sintering temperature. The relative density values
f the sintered bodies are calculated from theoretical density
f �-alumina (= 3.98 g cm−3). These values are dependent on
intering temperature and starch contents of the original col-
oidal suspensions. In general, the relative density increases
ith decreasing starch content, at the same sintering tempera-

ures. For instance, the relative densities of the bodies sintered at
200 ◦C are in the range of (0.42 ± 0.03) to (0.54 ± 0.01) of the

heoretical density of alumina and the porosities values are from
43.5 ± 0.7) to (55.5 ± 0.3)%. The water absorption is propor-
ional to porosity, varying from (20.3 ± 0.3)% to (33.1 ± 0.3)%.
or samples with the same starch content, the relative density
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Table 3
Relative density (ρ), apparent porosity (P), water absorption (Aw) and linear shrinkage (RL) for the CS-10S + 30A, CS-20S + 30A and CS-30S + 30A samples sintered
at 1200, 1400 and 1600 ◦C.

Sample/sintering temperature (◦C) ρ P (%) Aw (%) RL (%)

CS-10S + 30A/1200 0.54 ± 0.01 43.5 ± 0.7 20.3 ± 0.3 15.2 ± 0.4
CS-10S + 30A/1400 0.60 ± 0.04 32.9 ± 0.7 13.7 ± 0.5 21.6 ± 0.7
CS-10S + 30A/1600 0.74 ± 0.01 13.1 ± 0.9 4.4 ± 0.2 24.9 ± 0.6
CS-15S + 30A/1200 0.48 ± 0.05 49.6 ± 0.9 26.0 ± 0.4 17.0 ± 0.8
CS-15S + 30A/1400 0.59 ± 0.01 36.4 ± 0.9 15.6 ± 0.7 23.9 ± 0.5
CS-15S + 30A/1600 0.69 ± 0.02 25.7 ± 0.6 9.4 ± 0.3 27.6 ± 0.7
CS-20S + 30A/1200 0.42 ± 0.03
CS-20S + 30A/1400 0.55 ± 0.03
CS-20S + 30A/1600 0.61 ± 0.01
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ig. 6. Average pore size of the materials obtained from suspensions with dif-
erent starch contents and sintered at 1200, 1400 and 1600 ◦C.

ncreases with the increasing of temperature, but the poros-
ty and water absorption decrease. As for relative density, the
inear shrinkage depends on starch content and sintering tem-
erature. However, the linear shrinkage values increase with the

ncreasing of the starch contents and also with sintering tem-
eratures. Therefore, the lowest linear shrinkage (15.2 ± 0.4)%
as observed for bodies prepared from CS-10S + 30A suspen-

ion and fired at 1200 ◦C, while the highest one (29.6 ± 0.3)%

1
t
t
s

ig. 7. SEM images of fractured surfaces of the alumina materials sintered at 1600 ◦C
55.5 ± 0.3 33.1 ± 0.3 19.6 ± 0.6
43.4 ± 0.7 19.9 ± 0.5 26.1 ± 0.7
38.0 ± 0.7 15.7 ± 0.3 29.6 ± 0.3

as observed from the CS-20S + 30A suspension sintered at
600 ◦C. Because of the correlation of these structural proper-
ies, it is possible to produce bodies with similar relative density
sing a correct combination of starch contents and sintering tem-
eratures. For example, bodies with relative density near to 0.60
an be obtained using: CS-10S + 30A suspension and firing at
400 ◦C, CS-15S + 30A suspension and firing at 1400 ◦C and
S-20S suspension and firing at 1600 ◦C.

.5. Microstructure and Hg porosimetry of the sintered
amples

The microstructure of the sintered samples was studied
n terms of porosity by two complementary techniques: Hg
orosimetry and SEM investigations. Hg porosimetry was used
o measure the smaller pores, which correspond to the connect-
ng contact areas between larger pores. On the other hand, SEM
nvestigations displayed the overall pore structure, which is dom-
nated by the large pores left by starch particles. Fig. 6 shows
he average pore size, by Hg porosimetry technique, of sintered

aterials obtained from CS-10S + 30A, CS-15S + 30A and CS-
0S + 30 colloidal suspensions and sintered at 1200, 1400 and

600 ◦C. It displays how the average pore size is dependent on
he starch contents and sintering temperatures. By increasing
he starch content, there is an expected increase in the pore
ize and also in the number and degree of contacts between

, obtained from (a) CS-10S + 30A and (b) CS-20S + 30A colloidal suspensions.
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he starch particles, resulting in a larger average pore size. It
lso becomes larger with the sintering temperature. One pos-
ible explanation is, as the sintering temperature increases, the
lumina interparticle necks are increased leading to more effec-
ive pore shrinkage. Therefore, by rising the temperature, it is
ossible to eliminate the smaller pores of the alumina matrix
the interconnecting pores). Fig. 7 shows a representative SEM
mages of the microstructure of two sintered alumina materials,
btained from CS-10S + 30A and CS-20S + 30A suspensions.
he large, spherically shaped pores correspond well to the shape
nd size of the original starch particles.

. Conclusions

A water-based method was presented to prepare alumina
reen compact using cassava starch as a binder. The method
roved to be versatile, enabling to prepare ceramic bodies with
omplex geometry, several densities and porosities. The process
s based on body conformation from colloidal suspension which
hanges to gel in an oven at 60 ◦C. The dispersant contents and
el point were determined by rheological analysis. Sintered sam-
les were prepared at 1200, 1400 and 1600 ◦C; microstrutural
tudies showed that sample densities and porosities were a func-
ion of starch contents and sintering temperature. The sintered
amples presented relative density in the range of 0.4–0.75 and
pen porosity in the range of 13–55%, depending on the starch
ontent of the precursor suspensions and sintering temperature.
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